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Abstract 
The aims of this PhD were to examine nitrogen allocation and partitioning in 
Short Rotation Coppice (SRC) willow in regard to tree development and to 
investigate biomass composition and cell wall structure for the purpose of assessing 
and understanding biofuel potential. To address these topics four major experiments 
were performed and are presented in the thesis.  
An investigation of SRC willow development and nitrogen dynamics was 
conducted as a pot trial comprising 14 different genotypes from a willow mapping 
population. The genotypes were selected on the extremity and consistency of their 
field biomass yields.  Fertiliser enriched with the stable isotope nitrogen 15 was 
applied as a means of nitrogen surveillance. One of the findings was that higher 
biomass yielding varieties of SRC willow had increased nitrogen-use-efficiency yet 
less (or later) nitrogen remobilisation in the autumn. 
The recalcitrance of the cell wall to enzymatic saccharification was assessed 
across 138 field-grown genotypes of the same willow mapping population. The aim 
was to identify any relationships between glucose yield and several biomass yield 
traits and to identify any quantitative trait loci (QTL) associated with enzymatic 
saccharification. Four QTL associated to enzymatic saccharification were identified 
and no relationship was found between glucose and biomass yield traits. 
A third experiment aimed to modify cell wall composition and structure of a 
single cultivar of willow grown in a pot trial. Tension wood, fibre cells containing an 
extra cell wall layer unique to angiosperms, and cellulose synthesis inhibited 
phenotypes were both induced. These modifications were accomplished through 
chemical and environmental treatments during development and their impact on 
composition and cell wall recalcitrance was assessed. Tension wood formation was 
found to increase glucose yields. 
N.J.B.Brereton – PhD Thesis 2011 
 
Page 4 
 
  
The final main experiment used 35 of the UK’s leading biomass yielding 
willow varieties, grown in the field, to assess not only the variation in composition and 
enzymatic saccharification but also to identify any relationships between these two 
traits and a variety of morphological traits. The final part of the experiment 
investigated how variation in these traits interacted with dilute acid pretreatment. 
Surprisingly lignin content did not significantly correlate with cell wall recalcitrance to 
enzymatic saccharification. Another important finding was that enzymatic 
saccharification without the pretreatment correlated with enzymatic saccharification 
after the pretreatment. 
General introduction and general materials and methods chapters are 
included. A final summary discussion chapter is also included in order to address the 
overall impact of these findings on biofuel potential. 
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Abbreviations 
DM: Dry Matter 
SRC: Short Rotation Coppice 
AFLP: Amplified Fragment Length Polymorphism 
NUE: Nitrogen-Use Efficiency 
WUE: Water-Use Efficiency  
QTL: Quantitative Trait Loci 
LOD: Logarithm of Odds 
UpE: Nitrogen Uptake Efficiency 
UtE: Nitrogen Utilisation/Use Efficiency 
NUI: Nitrogen Utilisation/Use Index 
SDM: Stem Dry Matter 
RRes: Rothamsted Research Centre 
LARS: Long Ashton Research Station 
HPLC: High Pressure Liquid Chromatography 
NREL: National Renewable Energy Laboratory (US) 
DCB: 2,6-Dichlorobenzonitrile 
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Chapter 1 General Introduction 
1.1 The Global Role of Biofuel 
Up until the turn of the 20th century biomass from plants was the principal 
source of primary energy for the world. Today, combustion of biomass still 
represents a substantial proportion of primary energy with the International Energy 
Agency asserting that combustible renewables and waste (including biomass, biogas, 
industrial waste and municipal waste) provide 12.7 %, or 1070 million tons of oil 
equivalent, of the world’s total energy consumption (IEA 2010); however, this figure 
drops to 4.4 % when considering OECD countries total energy consumption alone. 
Biofuel (diesel and petroleum substitutes) currently plays an even smaller role, with 
1.8 % of world transport fuel (by energy value) coming from biofuel specifically 
(OECD 2008). 
The need for low cost and carbon neutral liquid transport fuels has rapidly 
become a priority within the developed world and is paramount to the sustainable 
growth of independent infrastructure in developing nations. There is current 
demand for sustainable biofuel technologies to be quickly implemented with the US 
passing a 2007 legislative mandate for 16 billion gallons of lignocellulosic ethanol per 
year by 2022 and the EU mandate that 10% of its transport fuel should be from 
sustainable and renewable sources by 2020. The feasibility and status of developing 
and emerging biofuel technologies suitable to realise this goal have recently been 
addressed in several reviews (Ragauskas, Williams et al. 2006; Gomez, Steele-King et 
al. 2008; Rubin 2008). Novel biofuel technology also has the capability of mitigating 
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some of the effects of global climate change by providing a source of energy with the 
potential for carbon neutrality. However, for this potential to be realised certain 
challenges must be overcome.  
1.2 1st and 2nd Generation Biofuels - 
Challenges 
First-generation biofuels are derived from edible parts of food crops, such as 
grain and kernels, as these feedstocks contain high quantities of readily accessible 
carbon in the form of starch or sucrose which can be easily used as sources of 
glucose for fermentation to bioethanol (Figure 1-1). The two most predominant first-
generation biofuel feedstocks, and consequently most prominent of all biofuels used 
for the production of liquid fuel, are currently corn and sugar cane.  
The US has overtaken Brazil as the largest producer of bioethanol in the 
world, with 10.5 billion gallons being produced in 2009 (RFA 2010) from corn derived 
starch. In the case of starch as a source of glucose for fermentation, amylases are 
used to hydrolyse the starch polymer to glucose monomers. The second largest 
producer of bioethanol is Brazil where 6.5 billion gallons was produced in 2009 (RFA 
2010) from sugarcane, where stems are simply pressed or leached to release sucrose 
which can be fermented directly.  
Currently in the UK the largest fermentable sugar sources are wheat and 
sugar beet. Like corn, wheat is an abundant source of starch and, like sugarcane, 
sugar beet is an abundant source of sucrose. The British Sugar Company currently 
has a functioning bioethanol plant in the UK utilising sugar beet as a feedstock to 
produce 70 million litres of bioethanol a year (BritishSugar© 2010). 
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When biomass is combusted (e.g. for electricity or heat generation) the 
carbon released as CO2 (and also some very small amounts of CO and CH4) is 
equivalent to the amount of CO2 fixed via photosynthesis during growth of the plants. 
Consequently, there is potential for net zero carbon emissions from the energy 
produced. However, several factors currently prevent carbon neutral production of 
bioethanol. Current fertilizer inputs for several first generation biofuel crops are  
high, with some studies showing average US corn nitrogen fertilizer inputs as high as 
145 kg ha-1 yr-1 (Saricks, Santini et al. 1999; Shapouri, Duffield et al. 2002) and 
Brazilian sugar cane inputs of between 80-100 kg ha-1 yr-1 (Martinelli and Filoso 
2008). This has a twofold impact on the greenhouse gas (GHG) balances of the 
bioethanol (as well as local environmental impacts from leaching), through 1) fossil 
energy use and emissions associated with the Haber Bosch process in the production 
of ammonia based fertilizers and 2) direct field emissions of N2O (see section 1.8) 
from microbial conversions of the applied nitrogen fertilisers in soil and 
watercourses. A further  major issue concerning the carbon balance of biofuels is the 
impact of indirect land-use change (ILUC) (Searchinger, Heimlich et al. 2008) 
resulting from the land demands for biofuel crop cultivation. ILUC is considered to 
occur as a result of the expansion of the bioethanol industry (e.g. in the USA) leading 
to conversion of grassland or forest, in locations such as Brazil, Argentina and Africa, 
into new crop production land to maintain food production levels. The consequence 
of this would be substantial emissions of carbon stored in these converted 
ecosystems. The ILUC debate is still a highly controversial topic  with significant 
polarisation of opinion (Sylvester-Bradley 2008; Wang 2008). 
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Figure 1-1 Biofuel Process Chain 
 
Second-generation biofuel from lignocellulosic feedstocks, which are the 
focus of the present research, allow an opportunity to mitigate many of the 
obstacles preventing a carbon neutral process. By having generally low agricultural 
input requirements, second-generation biofuel feedstocks avoid many of the 
deleterious effects associated with the high inputs and also avoid many of the 
arguments concerning land competition and consequent conflict with food 
production, owing to their potential ability to be cultivated on “marginal” land1 (such 
as low quality, abandoned and degraded land) as opposed to agricultural land.  
However, the use of marginal land to mitigate conflict with food crop 
production would only become a benefit if i) global agricultural land was limiting, ii) 
                                                     
1
 The amount of marginal land available for biofuel cultivation without detrimental social or 
environmental effects is currently a source of debate; see the opinion piece - Agrofuels and the Myth 
of the Marginal Lands, The Gaia Foundation, Sept 2008).  
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biofuel production vastly increased and iii) predicted trends for increases in 
agricultural land production efficiencies were not met. Concerning land limitation, 
current total land used for agriculture is estimated at 1.5 billion hectares and a 
further 2.8 billion hectares is thought to be suitable for agriculture (Ingersent 2003). 
However 60% of this “unused” potential agricultural land is unavailable due to forest 
cover, protection or human settlement and infrastructure. Concerning current 
biofuel production levels, less than 1 % of total global agricultural land in 2006, 
comprising 14 million hectares, was devoted to bioethanol production for transport 
fuels (IEA 2006). Concerning land production yield trends, global food crop yields per 
hectare grew steadily between 1961 and 2007; with major crops such as corn and 
wheat increasing both by factors of 2.6 and rice by 2.2 (Alston, Beddow et al. 2009). 
There is little evidence of an impending “upper limit” to land-use efficiencies and in 
fact, with current advanced breeding technologies utilising novel genetic tools, the 
rate of annual improvement to crop yields could easily be expected to increase. 
However, the environmental costs of increased land production remain unclear as 
comprehensive definitions of agricultural sustainability are required before 
sustainable land intensification can be realised (RoyalSociety 2009). 
One of the major obstacles to overcome in second-generation biofuels is that 
the glucose (and other sugars) used as a carbon source for fermentation derives 
from polymers within the cell wall matrix which has evolved to be recalcitrant to 
depolymerisation.  
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1.3 Cell Wall Development and Composition 
The major components of the cell wall are often grouped into three 
polymeric groups: Cellulose, Hemicelluloses and Lignins (Figure 1-2), although other 
components are also present, such as pectins, especially in the primary cell wall. 
Cellulose is the most abundant natural polymer on earth and is comprised of 4-O-β-
D-glucopyranosyl-D-glucose (cellobiose) subunits, each a β-1-4 linked glucose dimer. 
Cellulose exists in woody fibres in both crystalline and amorphous forms with 
crystallinity thought to range from between 60 - 70 % (Thygesen, Oddershede et al. 
2005) and a cellobiose degree of polymerisation of approximately 10000 (Ragauskas, 
Nagy et al. 2006). 
Hemicelluloses commonly include a range of hexoses and pentoses such as: 
glucose, xylose, galactose, arabinose, mannose, glucuronic acid, 4-O-methylglucronic 
acid. In hardwoods, xylose is the predominant hemicellulose sugar in the form of 
xylan. In softwoods, mannose is often the most abundant hemicellulose sugar being 
the backbone of galactoglucomannans (Timell 1967). Although they are often 
referred to as purely structural polysaccharides recent evidence points towards a 
potential role in whole plant reserve dynamics as a mobile carbon source (Hoch 
2007).  
Lignin, a term coined from the Latin lignum, meaning “wood”, is actually 
found throughout both woody and non-woody plants. It consists of heterologous 
polyphenolic polymers derived from hydroxycinnamyl alcohols. The aromatic groups 
of these hydroxycinnamyl alcohols in polymeric form are termed: p-hydroxyphenyl 
(H), guaiacyl (G) and syringyl (S), and are present in different ratios in different 
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species (Lewis and Yamamoto 1990). Lignin polymerisation occurs after primary cell 
wall formation and secondary cell wall thickening, not from the plasma membrane, 
but at the middle lamella and cell corners before extending into the secondary cell 
wall (Figure 1-2).  
 
Figure 1-2 Cell Wall Structure Diagram 
A diagram of typical cell wall architecture. Permission to use was kindly provided by 
the artist, Michael J Ray (2010). 
Assessing the exact cell wall composition of a lignocellulosic feedstock is 
important for predicting its feasibility as a biofuel. This thesis will primarily focus on 
the genus Salix as a lignocellulosic biofuel feedstock (see section 1.6). The 
methodologies used for compositional analysis of biomass (and the consequent data 
interpretation) are highly varied. In the compositional analysis performed here (see 
section 2.1.5, Chapter 5 and Chapter 6) a wet chemistry, total mass closure approach 
is favoured in accordance with the methodology developed at the National 
Renewable Energy Laboratory (NREL) in the USA. As most of the compositional 
variation within the genus Salix alone was expected to be subtle, rigorous wet 
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chemistry was favoured over high-throughput technologies such as near infrared 
(NIR) or Fourier transform infrared (FTIR) spectroscopy (Allison, Thain et al. 2009) 
and thermogravimetric analysis (Serapiglia, Cameron et al. 2008; Serapiglia, Cameron 
et al. 2009). Total mass closure is favoured instead of assessing only recovered 
elements of composition without regard for mass loss or assaying individual 
elements of composition, such as holocellulose and α-cellulose (Yokoyama, Kadla et 
al. 2002) or acetyl bromide lignin (Iiyama and Wallis 1990; Hatfield and Fukushima 
2005) quantification. Here, all mass is quantified and any unaccounted for mass is 
acknowledged (Sassner, Galbe et al. 2008; Guidi, Tozzini et al. 2009).   
The reported composition of Salix is varied. Research performed  by 
Szczukowski et al. (2002) indicates that cellulose content of 3 year old willow cultivar 
Bowles Hybrid is as high as 55.94 % of dry matter (DM). More recent work at the 
State University of New York (SUNY - USA) using thermogravemetric analysis 
(Serapiglia, Cameron et al. 2008) has shown that some willow genotypes have 
cellulose contents ranging from 29 % to 40 % DM. 
1.4 Recalcitrance to Enzymatic 
Saccharification and Pretreatment 
Technologies 
In the production of liquid biofuels from second-generation lignocellulosic 
feedstocks, enzymatic hydrolysis (saccharification) can be used as a method to 
release glucose from the most abundant natural polymer on earth, cellulose.  
Current methodology utilises a suite of cellulase enzymes extracted from fungi (e.g. 
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T.reesei) to break-down the cellulose polymer into cellobiose. This suite includes 
endoglucanases and cellobiohydrolyases. Endoglucanase hydrolyses β-1,4 linkages in 
cellulose resulting in more chain ends for exoglucanase binding by 
cellobiohydrolases. Cellobiohydrolases bind to cellulose chain ends and cleave off 
the cellulose repeating subunit, the disaccharide cellobiose. There is some β-
glucosidase activity within the T.reesei crude extract but extra β-glucosidase is often 
added to the enzymatic saccharification reaction to further hydrolyse cellobiose into 
glucose, reducing feedback inhibition. 
Commercial scale amylase production (for starch hydrolysis) currently costs 
substantially less than cellulase production and cheaper enzyme production 
represents an important target of what needs to be achieved before commercial 
scale lignocellulosic bioethanol can be economically viable. However, significant 
investment by the US Department of Energy (DOE) into companies such as 
Novozymes® have led to increases in saccharification efficiencies using these 
cellulase suites of enzymes from T.reesei (Rosgaard, Pedersen et al. 2006). 
A principal energy input in lignocellulosic bioethanol production arises from 
the need for  ‘pretreatment’ of the cell wall matrix prior to enzymatic 
saccharification in order to increase access to the structural sugar polymers (Wyman 
2007) (Figure 1-1). The primary causes affecting cell wall matrix recalcitrance to 
enzymatic saccharification yield are as yet unknown. However, this recalcitrance 
property is believed to be due to several cell wall factors such as the lignin and 
hemicellulose content, their composition and structure as well as cellulose content, 
its ultra-structure and degree of polymerisation (Himmel 2007). The degree to which 
these elements affect recalcitrance, and therefore the energy balance of the whole 
N.J.B.Brereton – PhD Thesis 2011 
 
Page 
25 
 
  
lignocellulosic biofuel process chain, is currently the focus of much research and 
debate.  
Increasing the accessibility of cellulose to cellulase enzymes, whilst not 
compromising whole plant integrity, would greatly decrease the energy input 
needed for saccharification. A review by Gomez et al. (2008) also highlighted that 
increasing the digestibility of cellulose is a research priority for the improvement of 
second-generation biofuels, with an increase in the proportion of cellulose 
microfibrils having regions of low crystallinity emphasized as a possible profitable 
approach to achieving increased digestibility.  
A range of pretreatment technologies all aimed at reducing cell wall 
recalcitrance to enzymatic saccharification are currently under development and are 
addressed in numerous reviews (Sun and Cheng 2002; Mosier, Wyman et al. 2005; 
Wyman, Dale et al. 2005). As the pretreatment step in any bioethanol production 
process is aimed at increasing accessibility of cellulose for subsequent enzymatic 
saccharification, instead of direct hydrolysis, all current pretreatments target either 
hydrolysis of non-cellulose polymers, reduction of cellulose crystallinity or the 
disruption of the interactions between all the polymers. As the nature of cell wall 
recalcitrance is still unclear, and consequently so are the cell wall elements or 
interactions causing it, the subtle mechanisms of action beyond direct 
depolymerisation within the cell wall which result in successful pretreatment are 
currently uncertain. 
Some leading technologies include dilute acid hydrolysis (partial to complete 
hemicellulose hydrolysis) (Eklund, Galbe et al. 1995; Larsson, Palmqvist et al. 1999; 
Sassner, Martensson et al. 2008), ammonium fibre expansion (AFEX) (partial lignin 
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depolymerisation) (Murnen, Balan et al. 2007; Lau, Dale et al. 2008), steam explosion 
(partial to complete hemicellulose hydrolysis) (Dekker and Wallis 1983; Grous, 
Converse et al. 1986; Palmqvist, HahnHagerdal et al. 1996; Cantarella, Cantarella et 
al. 2004; Sassner, Galbe et al. 2005; Sassner, Galbe et al. 2006; Sassner, Martensson 
et al. 2008), high pressure CO2 (partial to complete hemicellulose hydrolysis) (Puri 
and Mamers 1983; Zheng, Lin et al. 1995; Kim and Hong 2001), oraganosolv (partial 
to complete hemicellulose and lignin hydrolysis) (Brosse, Sannigrahi et al. 2009; 
Hallac, Sannigrahi et al. 2010; Sannigrahi, Miller et al. 2010), microbial pretreatments 
targeting lignin degradation (Hatakka 1983; Keller, Hamilton et al. 2003; Shi, Sharma-
Shivappa et al. 2009) and hemicellulose degradation (Schilling, Tewalt et al. 2009; 
Ray, Leak et al. 2010), ozonolysis (partial to complete hemicellulose and lignin 
hydrolysis) (Silverstein, Chen et al. 2007; Garcia-Cubero, Gonzalez-Benito et al. 2009) 
and ionic liquids (Dadi, Varanasi et al. 2006; Zhu, Wu et al. 2006; Brandt, Hallett et al. 
2010).  
What emerges from the array of work developing pretreatment technologies 
is that the efficacy of a given set of pretreatment conditions in making available the 
maximum amount of cell wall sugars to enzymes is feedstock specific. For example, 
AFEX is very effective on grasses such as Miscanthus (Murnen, Balan et al. 2007), 
whereas hardwoods, such as willow respond well to dilute acid hydrolysis (Sassner, 
Martensson et al. 2008). There is little in the literature on the variation of 
effectiveness of a pretreatment condition between genotypes of the same feedstock.  
 
Furthermore, although future developments in bioprocessing beyond ethanol, 
such as bio-butanol, may well offer advantages, the fermentation process will still 
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require high energy carbon sources such as glucose. Due to this, sustainable biomass 
feedstocks, optimised for their content of accessible sugars, will likely remain an 
important target for developing an efficient second-generation biofuel process chain. 
1.5 Dedicated Bioethanol Feedstocks 
Current leading lignocellulosic feedstocks comprise a diverse spectrum of 
plants, reflecting the varied array of global growth conditions potentially available 
for biofuel cultivation. The leading grasses in the UK being considered for dedicated 
lignocellulosic biofuel crops are Miscanthus, switchgrass and reed canary grass. 
Miscanthus, can achieve very high yields in the UK of well over 15 ODt ha-1yr-1 
(Christian, Riche et al. 2008; Richter, Riche et al. 2008), utilising the benefits of C4 
photosynthesis without the characteristic detriment to cold tolerance. Short rotation 
coppice (SRC) willow, poplar and Eucalyptus are leading hardwoods currently being 
established as dedicated lignocellulosic biofuel crops. Forestry residues comprising a 
range of woody material grown over the UK, such as softwoods like pine and spruce, 
are also a large potential feedstock. Agricultural crop residues such as straw from 
wheat and barley also present a significant potential feedstock (DECC 2007). 
1.6 The Genus Salix 
The genus Salix is comprised of approximately  400 species with considerable 
genetic variation resulting in diverse morphology, physiology and development 
(Argus 1997). This diversity provides a rich germplasm resource for improvement of 
willow as a biomass crop (Trybush, Jahodova et al. 2008). SRC willow breeding 
strategies have concentrated on selecting for traits important to biomass yield, 
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resulting in a doubling of yield since the first varieties were grown in the 1980s 
(Gullberg 1993; Larsson 1998; Ronnberg-Wastljung 2001; Hanley 2003; Robinson, 
Karp et al. 2004; Tharakan, Volk et al. 2005; Cochard, Casella et al. 2007). However, 
up until now, these have primarily targeted thermal conversion end-use technologies.  
Like all angiosperms willow has a heterogeneous structure with the major 
water carrying element being vessels instead of the regular homogeneous 
distribution of tracheid elements in gymnosperms (Figure 1-3). The stem anatomy is 
of the diffuse-porous type, which refers to the general distribution of vessels 
throughout the secondary xylem in contrast to some woody angiosperms (e.g. Ash, 
Oak) where the large vessels are concentrated in the earlier regions of the annual 
rings - termed “ring-porous”. The ray parenchyma within the xylem primarily 
function as storage cells for molecules such as starch whilst fibre cells primarily 
function to provide tree support. 
 
Figure 1-3 Willow cellular architecture 
A 15 µm transverse section of three-year old Bowles Hybrid (Salix viminalis) stained 
with 1% aqueous Safranin O and 1% aqueous Alcian Blue. B 2 µm transverse section 
of the secondary xylem of three-year old Bowles Hybrid (S.viminalis) stained with 1% 
Safranin O. (see section 2.1.3) 
1.7 Salix Cultivation Practices 
As a perennial plant, willow is able to accumulate biomass rapidly, and is 
therefore thought to efficiently mobilise resources stored in the stool and stem over 
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the winter for the development of shoots and leaves in the spring. This seasonal 
storage and mobilisation is well characterised for the primary mobile carbon store, 
starch (Von Fircks and Sennerby-Forsse 1998) and nitrogen (see section 1.9). The 
early development of a canopy allows for rapid fixation of CO2 and production of 
photoassimilates and earlier bud burst and later leaf abscission have both been 
shown to be associated with higher biomass yields (Weih 2009).  
Short Rotation Coppice (SRC) willow plantations are initiated using 20 cm 
long cuttings, of approximately 1 cm in diameter, which are planted and grown for 
one  “establishment year” (Armstrong, Johns et al. 1999; Tubby 2002). This 
technique exploits willow’s vegetative propagation characteristics which are similar 
to those in species such as Poplar. Stems are harvested in the spring one year after 
planting, a process called ‘First Cutback’, this elicits a coppice response characterised 
by the development of an increased number of stems. The SRC willow is then 
normally harvested in a 3 year cycle as an optimum compromise between harvesting 
energy, harvesting impact and biomass yield (Mitchell, Stevens et al. 1999). Current 
commercial plantations maintain viability for between 20-25 years 
(BioenergyScheme 2007) and experimental plantations achieving biomass yields of 
up to 27.5 DM t ha-1 yr-1 (Adegbidi, Volk et al. 2001) however normal UK yields range 
between 10-12 DM t ha-1 yr-1. The planting density has a significant effect on biomass 
yields due to a compromise between number of trees and competition for resources. 
A range of planting densities are used around the world but current UK practices 
range between 15000 to 20000 trees ha-1 (Willebrand, Ledin et al. 1993; Bergkvist 
and Ledin 1998; Bullard, Mustill et al. 2002; Wilkinson, Evans et al. 2007) but the 
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optimum planting density could be cultivar specific depending on morphological and 
physiological characteristics.  
It is currently estimated that approximately 6000 hectares of land across the 
UK is dedicated to SRC poplar and willow with the vast majority being willow (TSEC-
Biosys 2009). However if EU mandates for renewable transport fuel (and renewable 
energy) are to be met then the amount of land dedicated to energy crops in the UK 
will need to increase. Current estimates indicate that 7 % of the UK’s agricultural 
land will need to be dedicated to the production of energy crops for heat, electricity 
and transport fuel, equating to 1.3 M ha (Rowe, Street et al. 2009).  
1.8 The Contribution of Nitrogen Fertilizers 
to GHG Levels 
One of the advantages of growing willow as a dedicated biomass crop for 
renewable energy is the low fertilization inputs needed for high yields in many 
varieties. As well as reducing costs it is important to minimise nitrogen fertilizer 
inputs not only because of the fossil fuels required for their production (Heller, 
Keoleian et al. 2004) but also because of the detrimental impact to the environment 
after application. A recent IPCC report (De Klein, Novoa et al. 2006) stated that 1.25% 
of applied N fertilizer is released from the soil as nitrous oxide (N2O). Another IPCC 
report (Forster, Ramaswamy et al. 2007) has also recently reclassified nitrous oxide 
as having a global warming potential 298 times higher than  CO2 on a mass basis, so 
minimising its emission is an environmental priority. Currently, 60kg N ha-1 is 
generally added as fertilizer to Willow SRC plantations in the UK, only after cutback 
and after biomass harvest (not every year). A number of trials have compared 
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different nitrogen regimes (Bowman and Conant 1994; Labrecque, Teodorescu et al. 
1998; Weih and Nordh 2002) and these indicate that a large spectrum of responses 
to fertilization exists between varieties.  The low fertilization requirement for willows 
contributes significantly as a “trade-off” to its high land-use requirement (see section 
1.2). Recent life cycle analysis ranking the environmental impact of bioenergy 
feedstocks on the basis of their land-use and nitrogen intensity (per 1000 GJ energy 
provided) placed willow second after sugarcane as a low impact feedstock, ahead of 
Miscanthus, sugar beet, oil palm, birch, poplar, switchgrass, corn, sweet sorghum 
and algae (Miller 2010). 
1.9 Nitrogen Dynamics 
One of the essential features of perennial plants is the capability to efficiently 
mobilise nitrogen between growth seasons. The degree to which these plants can; i) 
successfully assimilate and allocate nitrogen during the growth season, ii) remobilise 
and consequently recycle nitrogen during leaf senescence before the onset of winter 
dormancy and iii) reallocate stored nitrogen to growing tissue in the  spring, is 
important to their viability and vigour as perennials. A review by Cooke and Weih 
(2005) valuably ties together much of the current knowledge relevant to seasonal 
nitrogen cycling with the central focus on poplar. The major nitrogen storage 
elements of trees are vegetative storage proteins (Stepien, Sauter et al. 1994) 
although Rubisco is also thought to play a secondary role to carbon fixation as a form 
of nitrogen storage (Cooke and Weih 2005). The major non-protein nitrogen 
transport elements in trees are the amino acids: glutamine, aspartate and arginine 
(Gessler, Kopriva et al. 2004). 
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The relationship between Nitrogen-Use Efficiency (NUE) and biomass yield 
specifically in willow has been investigated in numerous field trials with the results 
indicating high cultivar specificity. Trials, such as performed in Sweden by 
Christersson (1987), have found variation in biomass yields between a variety of 
cultivars when nitrogen fertilizer was supplied as “optimum” at levels as high as 150 
kg ha-1, where a Salix dasyclados clone was reported as yielding 36 ODt ha-1. 
Labrecque et al (1998) used four different fertilization regimes (0, 100, 200 and 400 
kg ha-1) in a field trial of two willow species S. discolor and S. viminalis that suggested 
that nitrogen was limiting to stem growth. Other strategies have directly investigated 
the impact of varied fertilisation amounts on morphology such as associations 
between increased fertilisation and corresponding increases in leaf area per stem  
(Bowman and Conant 1994). More detailed studies considering nitrogen assimilation, 
utilisation efficiencies and loss in willow have been presented by Weih and Nordh 
(2002). Two studies that have examined the relationship and relevance of willow pot 
trials (conducted under specific conditions) to field data, both found strong 
correlations and/or maintenance of clone specific rankings for both biomass yields 
and nitrogen economy (Weih and Nordh 2005; Weih and Bonosi 2009).  
Numerous pot trials have been performed using willow in order to gain an 
understanding of the nutrient dynamics that lead to high NUE. Von Fircks et al (2001) 
found that around 50 % of leaf nitrogen was removed from leaves before leaf 
abscission, to be stored predominantly in the stem, in a trial on S. dasyclados. 
Bollmark et al. (1999) found that all organs of a S. viminalis clone act as nitrogen 
storage sites over winter with the root differing from above-ground organs through 
high levels of non-protein compounds such as the amino acids arginine, glutamine 
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and asparagine. Interestingly, there is some evidence that there is little variation in 
the rates of nitrogen uptake within the Salix genus. Ericsson (1981) observed very 
similar uptake rates between S.aquatica, S.fragilis and S.viminalis grown under four 
different nutrient addition rates. 
It can be noted that energy crops with lower nutrient-use efficiency or, more 
specifically increased nitrogen assimilation and retention, could be beneficial for 
phytoremediation and that selection of high nutrient-use efficiency varieties would 
decrease this property. Willow has been proposed as a leading phytoremediator 
(Weih and Nordh 2002; Pulford and Watson 2003; Adler, Karacic et al. 2008); 
however, when considering willow as a sustainable energy resource, impurities such 
as heavy metals can be detrimental when used in a thermal combustion process 
(Lewandowski, Schmidt et al. 2006). 
1.10 Aims 
The overall aims of this PhD research were to examine nitrogen allocation 
and partitioning in SRC willow in regard to tree development and to explore the 
composition and cell wall structure of willow stem biomass for the purpose of 
assessing and understanding biofuel potential. Five key areas were studied:- 
 Willow development and life cycle – Addressed primarily in the N15 pot 
experiment (See Chapter 3). 
 Carbon and nitrogen budgets, sink/source relationships and mobilisation – 
Addressed primarily in the N15 pot experiment (See Chapter 3). 
 Biomass composition – Addressed in both Tension Wood (See Chapter 5) and 
Monroe Trial (See Chapter 6). 
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 Genotypic variation of the cell wall– Addressed in the K8 QLT Analysis 
(Chapter 4) and also in the Monroe trial (See Chapter 6). 
 Biofuel potential – An integrated overview of all the results chapters should 
allow development of a novel approach for the assessment of willow biofuel 
potential and modification of the SRC ideotype.   
The specific aims and hypothesis for the main experiments are presented at the 
beginning of each of the results chapters (Chapters 3-6). 
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Chapter 2 General Materials and 
Methods 
These general materials and methods cover procedures replicated between 
two, or more, or the results chapters. Materials and methods specific to each results 
chapter are included within those chapters. 
2.1.1 Sample Processing  
All the harvested stem biomass used for enzymatic saccharification and 
compositional analysis was initially split longitudinally in order to facilitate moisture 
content reduction by air drying over > 2 days. Once stems had dried to a constant 
moisture content of between 5 -15 % they were ground to a particle size of between 
850 µm - 125 µm (20-80 mesh) in accordance with NREL Preparation of Samples for 
Compositional Analysis (Hames, Ruiz et al. 2008) using a Retsch® SM2000 cutter mill. 
With the exception of the isolated wood fractions from the tension wood 
experiment (Chapter 5, 5.2.2) bark was included in all analysis.  
2.1.2 Moisture Assessment and Storage 
All biomass samples were stored long term at room temperature. Samples 
taken for sectioning were stored in FAA (see section 2.1.3). Weighing of biomass was 
recorded to at least three decimal places (nearest mg). Moisture content was 
assessed by oven drying > 150 mg sub-sample of biomass at 105°C overnight. 
Moisture content was then calculated on a dry matter (DM) basis:  
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2.1.3 Sectioning and Staining 
Prior to sectioning for anatomical study, stem material was “fixed” using FAA 
solution consisting of 3.7 % formaldehyde, 5 % acetic acid, 47.5 % Ethanol and 43.8 % 
water by volume. Sectioning was performed using a sledge microtome (for 
section >10 µm) or an ultra-microtome (for section <2µm). Before ultra-microtome 
sectioning, samples were embedded in LR White Resin. Briefly, 1 x 1 x 5mm blocks 
were cut using a razor blade. The block was then dehydrated by 3 x 30mins 
immersions in 70 % EtOH, 100 % EtOH and 100 % EtOH. The block was then soaked 
in an increasing concentration of LR white (in EtOH) for two hours in each:  
20 %  40 %  60 %  80 %  90 %  100 %  100 % 
The block was then vacuum-infiltrated for 30 mins with 100% LR White solution 
before being added to size four gelatine capsules (Agar Scientific) and heated at 60oC 
for 24 hours. 
Safranin O and Alcian Blue staining used protocols adapted from Srebotnik & 
Messner (1994) and Ray (2006) and Safranin O and Chlorazol Black E used a protocol 
adapted from Robards & Purvis (1964).  
Safranin O (1 % w/w aqueous) and Alcian Blue (1 % w/w aqueous) for stem 
sections > 10 µm - sections were washed (1 min diH2O), stained in Safranin O (2 
mins), washed (1 min diH2O x 2), stained in Alcian blue (3 mins), washed (1 min 
diH2O x 2), dehydrated (50 % EtOH 1 min  70 % EtOH 1 min  100 % EtOH 30 secs 
x 2) and cleared using histo-clear™ (1 min). Stained and dehydrated sections were 
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then permanently mounted under coverslips on glass microscope slides using a resin 
mixture of distyrene, plasticiser and xylene (DPX). 
Safranin O (1 % w/w aqueous) and Chlorazol Black E (1 % w/w in 
methoxyethanol) for stem sections > 10 µm -  sections were washed (1 min diH2O), 
stained in Safranin O (2 mins), washed (1 min diH2O x 2), dehydrated (50 % EtOH 1 
min  70 % EtOH 1 min  100 % EtOH 30 secs x 2), stained in Chlorazol Black E (4 
mins), washed (100 % EtOH 1 min x 2) and cleared using histo-clear™ (1 min). Stained 
and dehydrated sections were then permanently mounted on slides using DPX. 
2.1.4 Enzymatic Saccharification 
Enzymatic saccharification was performed as described in NREL Enzymatic 
Saccharification of Lignocellulosic Biomass (Selig, Weiss et al. 2008). Each 
saccharification reaction consisted of (unless stated otherwise): biomass equivalent 
to 0.1 g of cellulose, 5ml of 100mM sodium citrate buffer (pH 4.8), 400 µg 
tetracycline (in 70 % EtOH) and 300 µg cycloheximide. The amount of deionized 
water was calculated to bring the total volume of each reaction to 10 ml after the 
addition of the following enzymes (all solutions and the biomass were assumed to 
have a specific gravity of 1 g ml-1); 60 FPU/g oven-dry biomass of cellulase (Celluclast 
1.5 L, Sigma, UK) and 64 pNPGU/g oven-dry biomass of β-glucosidase (Novozyme 188, 
Sigma, UK) – equivalent to 118 µl of a 1:1 mix. Samples were then incubated for 7 
days at 50°C in a rotary shaking incubator. A sample of the saccharification solution 
was then repeatedly centrifuged (14,000 rpm, 10 mins x2) to separate any remaining 
particulate matter.  
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Sugar quantification was performed using HPLC (see section 2.1.6). Total 
glucose yield from the reaction, without regard to the origin of that glucose, is 
presented here as “Total Glucose”. The amount of glucose in the substrate control 
(soluble or “free” glucose) can then subtracted (from reactions with enzyme) to give 
the amount of glucose hydrolysed from glucan. This value is then subjected to an 
anhydro correction, accounting for the addition of a water molecule incorporated 
upon each depolymerisation event to give “glucose release”. Glucose release is 
presented as either a proportion of the original DM or as a proportion of glucan of 
the biomass. Glucose release as a proportion of DM combines both the accessibility 
of the glucan in the biomass and the absolute glucan content. Glucose release as a 
proportion of glucan represents the accessibility of the glucan in the biomass 
independently of the glucan content.  
2.1.5 Compositional Analysis 
Air dry biomass (3 g DM) was first extracted with 95 % Ethanol (5% deionised 
water) using the Dionex Accelerated Solvent Extractor 200 (ASE 200). The ASE 200 
extraction conditions were in accordance with the NREL protocol for the 
Determination of Extractives in Biomass (Sluiter 2005). These were: 1500 psi, 100°C 
temperature, 5 min heating time, 7 min static incubation, 100 % flush volume and 1 
static cycle.  
Extracted biomass was left to air dry overnight to a constant weight before 
the moisture content was determined. Compositional analysis was then performed 
in accordance with the NREL protocol for the Determination of Structural 
Carbohydrates and Lignin in Biomass (Sluiter, Hames et al. 2008). Extracted biomass 
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(300 mg DM) was added to 140 ml Ace Glass™ pressure tubes. Using a glass pipette, 
3 ml of 72 % (w/w) H2SO4 was added to the pressure tubes before 1 hour’s 30°C 
incubation in a water bath. After this the reaction was diluted with 84 ml of H2O and 
autoclaved at 121°C for 1 hour.  
The resulting solution was then filtered under vacuum through Coors™ 
porcelain 25 ml filtering crucibles of medium porosity and of known weight. The 
crucibles were oven dried at 105 °C over-night, weighed and then muffle furnaced at 575 
± 25 °C for 24 hours to give ash and acid insoluble lignin values.  The hydrolysate was 
split into two fractions; one was neutralised using calcium carbonate to pH 5-6, 
centrifuged (x 2) and analysed for sugar concentration via HPLC (see section 2.1.6), the 
other fraction was used to measure acid soluble lignin via UV-Vis spectroscopy at 240 
nm (after being diluted to an absorbance of 0.7 – 1.0). 
Unaccounted for mass is recognised here as being non-95% EtOH extractable 
“Other” (Sassner, Galbe et al. 2008; Guidi, Tozzini et al. 2009). 
2.1.6 High Pressure Liquid Chromatography Analysis 
Sugar and ethanol quantification was performed using an Agilent 1200 series 
and Jasco Systems Intelligent HPLC using either a BioRad Aminex HPX-87H or a 
BioRad Aminex HPX-87P column and refractive index detector. A set of calibration 
standards, containing monomeric sugars of known concentrations, were also 
analysed on the HPLC before each batch of samples were run.  
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Chapter 3 Assessing Nitrogen Use 
Efficiency in Willow Using the Stable 
Isotope Nitrogen 15 
3.1 Collaborators 
This work was done jointly with Dr. Frederic Pitre at Rothamsted Research. 
3.2 Introduction 
As a perennial plant, willow is known to recycle resources during the winter 
from leaves to stems, stools and roots to provide reserves for re-growth in the spring 
(Bollmark, Sennerby-Forsse et al. 1999; Karp and Shield 2008). An understanding of 
the changing nitrogen source/sink relationships during this recycling and of global 
nutrient budgets will help improve our understanding of the key physiological 
characteristics important for growth and thus biomass yield.  
Nitrogen plays a limiting and defining role in willow growth with some willow 
varieties showing a strong correlation between relative growth rates and total tree 
nitrogen content (Ericsson 1981). Two reviews have addressed work performed to 
date on defining and calculating nitrogen-use-efficiency (NUE) in plants other than 
willow (Good, Shrawat et al. 2004; Brauer and Shelp 2010) and more recently a 
review by Weih (2010) has gone some way towards transferring the concepts of NUE 
assessment to willow. In this work, the arguments made by Moll et al. (1982) and 
advocated by Weih are accepted, that there is a need to separate nitrogen utilisation 
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efficiency (UtE) and nitrogen uptake efficiency (UpE) factors.  We use UpE here, 
however, in place of presenting UtE, we have accepted the arguments of Siddiqi et al. 
(1981), that nitrogen utilisation index (NUI) is more appropriate to use. NUI defines 
nitrogen utilisation as biomass per unit of tissue specific (stem) nitrogen 
concentration. This takes into account that variation in net nitrogen losses, such as 
through leaf litter, or nitrogen partitioning can mislead the estimation of utilisation 
efficiency.  
If large amounts of nitrogen are lost through either leaf abscission in the 
winter (Bollmark, Sennerby-Forsse et al. 1999) or (when the willow is harvested) 
through removal of the stems (Sennerby-Forsse 1995) then this may affect re-growth 
in spring. Although leaf abscission is the primary natural source of nitrogen loss from 
the tree it must also be considered that nitrogen reserves stored in the stem, lost 
from the system through harvesting, have a deleterious effect on re-growth in spring 
without further nitrogen inputs. Nitrogen is available via the leaf litter (which is why 
it is important to harvest after leaf fall), through soil mineralisation (depending upon 
the soil type) and through aerial N deposition, yet in commercial (and most 
experimental) SRC plantations, 30-80 kg of nitrogen fertiliser is added after harvest 
in order to compensate for removal of nitrogen by harvesting the stems (Sennerby-
Forsse 1995). Hence a reduction in stem nitrogen levels, or increase the stool as a 
nitrogen sink during dormancy, would allow for decreased nitrogen fertilisation.  
Willow field trials with varying nitrogen fertilization (and irrigation) regimes 
have highlighted the importance and degree of response variation in Nitrogen-Use 
Efficiency (NUE) to biomass yield (Christersson 1987; Bowman and Conant 1994; 
Hodson, Slater et al. 1994; Nielsen 1994; Labrecque, Teodorescu et al. 1998; Weih 
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2001). The poor understanding of the regulatory mechanisms for controlling 
nitrogen economy in willows and other crops are highlighted in two recent reviews 
addressing NUE (Hirel, Le Gouis et al. 2007; Weih, Asplund et al. 2010). However, 
what is evident is that there is a large amount of variability of NUE in willows (Weih 
and Nordh 2002; Weih and Nordh 2005) 
3.2.1 Aims and Strategy 
Nitrogen 15 ratios have been used in the past to study nitrogen partitioning 
and utilisation in woody species (Cote and Camire 1985; Gebauer and Schulze 1991; 
Millard 1996; Nasholm, Ekblad et al. 1998). In this study, fertilizer enrichment with 
the stable nitrogen isotope N15 was used to follow finite amounts of nitrogen 
between different growth stages in a selection of willows from the K8 mapping 
population known to differ in biomass yield potential. A pot experiment was devised 
to assess aspects of development and NUE during the first 6 months growth of the 
cuttings. The experiment consisted of 252 willows derived from cuttings of the two 
parents of the K8 mapping population and 12 of their progeny. The progeny were 
specifically chosen because of the consistency and variance of their biomass yield 
(Hanley 2003) (See Chapter 4).  The cuttings were planted in April 2008, and a third 
of the population was harvested at each of 3 harvest points spanning what was 
estimated to be three key developmental events and shifts in physiological 
stratagems. These three points represent the initial growth/canopy establishment 
phase (June), the height of the growth phase (August) and the retardation of growth 
and remobilisation of resources for winter phase (October) (Bollmark, Sennerby-
Forsse et al. 1999; von Fircks, Ericsson et al. 2001) (Table 3-2).  
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Half the population was treated with the stable isotope N15 (10% atom for 
atom) which allowed for the surveillance of any nitrogen reallocation (after 
assimilation from the soil and initial allocation) between August and October 
through Isotope Ratio Mass Spectrometry (IR-MS). This approach has been 
successfully used in species such as Norway Spruce (Picea abies) (Gebauer and 
Schulze 1991) and Poplar (Dluzniewska, Gessler et al. 2007). 
Although biomass yields are of large importance when considering biofuels, 
increasing final sugar yields will also be of importance when considering 
lignocellulosic ethanol optimisation.  
The specific objectives of this study were to establish: i) whether biomass 
yields of specific willow genotypes in a pot experimental system correlated with 
performance in the field ii) what the growth priorities of the trees are at different 
stages of growth from establishment of the cutting iii) how nitrogen is allocated at 
different stages of development iv) whether there is any secondary allocation of 
nitrogen between organs at different stages of development and v) whether higher 
biomass yielding genotypes of willow have increased NUE. 
 
3.3 Materials and Methods 
3.3.1 Genotype Selection 
Table 3-2 shows the genotypes selected. The two parents of the K8 
population, S3 and R13, were also included to make a total of 14 genotypes in the 
experiment. More detailed information regarding the pedigree of the population is 
available in Hanley (2003). 
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Table 3-1 N15pot Experiment Genotypes  
The 12 genotypes for the N15 pot experiment from the K8 mapping population at 
Rothamsted research (RRes) and Long Ashton Research Station (LARS). The K8 
parents, Astrid and Björn, were also included. P = Parents, L = Low biomass yield and 
H = high biomass yield. Field wet biomass yields (Kg per plot)  
N15 pot 
code 
K8 
Code 
Biomass yield Biomass yield Biomass yield 
Group 
RRes 2005 
(Kg wet) 
LARS 2003 
(Kg wet) 
12 S3 ♀ P 
  13 R13 ♂ P 
  1 8007 L 0.20 0.22 
2 8768 L 0.67 0.27 
3 8719 L 0.75 0.72 
4 8921 L 0.82 0.70 
5 8468 L 1.22 0.82 
14 8861 L 0.69 0.69 
11 8675 L 0.57 0.57 
6 8053 H 2.04 2.46 
7 8316 H 2.79 2.40 
8 8092 H 3.15 3.16 
9 8443 H 3.00 4.13 
10 8088 H 3.53 4.97 
3.3.2 Growth Conditions and Experimental Design 
Trees were grown in 12 litre pots filled with a 1:1 ratio of sand and perlite so 
that all nutrients could be strictly controlled, minimising any external sources of 
nitrogen other than the known ammonium nitrate and other nutrient applications. 
Before planting the 20 cm cuttings were first soaked in water overnight. No nutrients 
were added initially to the pots as it was predicted that resources for early growth 
would be provided by the cutting, however, 45 of the cuttings failed to grow. This 
inability to grow was predominantly genotype specific with 8719 (genotype 3 on 
Figure 3-1 B) and 8861 (genotype 14 on Figure 3-1 B) being the poorest survivors.  
The replication was designed as 3 randomised blocks (Figure 3-1). The trial 
was grown in a roofed and caged area at Rothamsted Research facility so the 
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orientation of the replication was designed to take into account the main source of 
predicted environmental bias, sunlight, with variation being along the vertical plane 
of the population (the blocks are highlighted as B1, B2 and B3 in Figure 3-1). 
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Figure 3-1 N15 Pot Experiment Plot Designs 
 A Layout plan with the three different harvests highlighted (pane 1) and with the two different nitrogen treatments highlighted (pane 2). B 
The first panel is the genotype placement within the design, also with each harvest points highlighted. The second panel shows which trees 
failed to grow/establish with a cross. B1, B2 and B3 indicate the blocks of repetition. H1 = June H2 = August and H3 = October 
A  
B1 B2 B3
12 22 23 24 25 26 27 28 50 51 52 53 54 55 56 78 79 80 81 82 83 84
11 15 16 17 18 19 20 21 43 44 45 46 47 48 49 71 72 73 74 75 76 77 R1
10 8 9 10 11 12 13 14 36 37 38 39 40 41 42 64 65 66 67 68 69 70
9 1 2 3 4 5 6 7 29 30 31 32 33 34 35 57 58 59 60 61 62 63
8 109 107 108 109 110 111 112 134 135 136 137 138 139 140 162 163 164 165 166 167 168 H1
7 99 100 101 102 103 104 105 127 128 129 130 131 132 133 155 156 157 158 159 160 161 R2 H2
6 92 93 94 95 96 97 98 120 121 122 123 124 125 126 148 149 150 151 152 153 154 H3
5 85 86 87 88 89 90 91 113 114 115 116 117 118 119 141 142 143 144 145 146 147
4 190 191 192 193 194 195 196 218 219 220 221 222 223 224 246 247 248 249 250 251 252
3 183 184 185 186 187 188 189 211 212 213 214 215 216 217 239 240 241 242 243 244 245 R3
2 176 177 178 179 180 181 182 204 205 206 207 208 209 210 232 233 234 235 236 237 238
1 169 170 171 172 173 174 175 197 198 199 200 201 202 203 225 226 227 228 229 230 231
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
B1 B2 B3
12 22 23 24 25 26 27 28 50 51 52 53 54 55 56 78 79 80 81 82 83 84
11 15 16 17 18 19 20 21 43 44 45 46 47 48 49 71 72 73 74 75 76 77 R1
10 8 9 10 11 12 13 14 36 37 38 39 40 41 42 64 65 66 67 68 69 70
9 1 2 3 4 5 6 7 29 30 31 32 33 34 35 57 58 59 60 61 62 63
8 106 107 108 109 110 111 112 134 135 136 137 138 139 140 162 163 164 165 166 167 168
7 99 100 101 102 103 104 105 127 128 129 130 131 132 133 155 156 157 158 159 160 161 R2 N14 (1)
6 92 93 94 95 96 97 98 120 121 122 123 124 125 126 148 149 150 151 152 153 154 N15 (2)
5 85 86 87 88 89 90 91 113 114 115 116 117 118 119 141 142 143 144 145 146 147
4 190 191 192 193 194 195 196 218 219 220 221 222 223 224 246 247 248 249 250 251 252
3 183 184 185 186 187 188 189 211 212 213 214 215 216 217 239 240 241 242 243 244 245 R3
2 176 177 178 179 180 181 182 204 205 206 207 208 209 210 232 233 234 235 236 237 238
1 169 170 171 172 173 174 175 197 198 199 200 201 202 203 225 226 227 228 229 230 231
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
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B  
Genotype
B1 B2 B3
12 11 13 5 14 9 3 1 4 14 5 12 5 6 13 6 3 1 11 6 5 12
11 6 3 2 10 6 8 2 2 1 2 10 11 6 13 1 10 13 5 9 10 4 R1
10 14 11 4 9 1 12 12 11 3 9 4 12 8 14 7 4 12 8 2 2 7
9 13 8 10 4 5 7 7 7 10 3 7 1 8 9 13 14 8 9 11 14 3
8 3 11 7 3 1 2 4 4 4 10 1 11 11 12 3 14 13 4 7 7 5 H1
7 9 4 10 2 7 14 6 14 6 7 6 14 7 2 6 3 4 12 9 10 11 R2 H2
6 8 13 12 12 1 6 14 3 5 8 12 9 9 8 8 2 6 14 5 12 9 H3
5 11 10 8 13 9 5 5 10 1 2 3 13 13 5 8 2 1 1 11 10 13
4 13 2 8 14 10 4 1 14 9 4 9 11 3 11 5 12 9 4 10 8 1
3 3 8 12 10 3 7 2 4 2 6 2 14 13 13 14 11 13 7 11 1 3 R3
2 5 9 13 6 11 12 11 6 7 12 8 5 10 1 13 6 14 7 3 2 5
1 5 14 4 7 6 1 9 12 8 3 5 7 10 1 2 9 10 12 6 8 4
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
B1 B2 B3
12 11 13 5 14 9 3 1 4 14 5 12 5 6 13 6 3 1 11 6 5 12
11 6 3 2 10 6 8 2 2 1 2 10 11 6 13 1 10 13 5 9 10 4 R1
10 14 11 4 9 1 12 12 11 3 9 4 12 8 14 7 4 12 8 2 2 7
9 13 8 10 4 5 7 7 7 10 3 7 1 8 9 13 14 8 9 11 14 3
8 3 11 7 3 1 2 4 4 4 10 1 11 11 12 3 14 13 4 7 7 5 H1
7 9 4 10 2 7 14 6 14 6 7 6 14 7 2 6 3 4 12 9 10 11 R2 H2
6 8 13 12 12 1 6 14 3 5 8 12 9 9 8 8 2 6 14 5 12 9 H3
5 11 10 8 13 9 5 5 10 1 2 3 13 13 5 8 2 1 1 11 10 13
4 13 2 8 14 10 4 1 14 9 4 9 11 3 11 5 12 9 4 10 8 1
3 3 8 12 10 3 7 2 4 2 6 2 14 13 13 14 11 13 7 11 1 3 R3
2 5 9 13 6 11 12 11 6 7 12 8 5 10 1 13 6 14 7 3 2 5
1 5 14 4 7 6 1 9 12 8 3 5 7 10 1 2 9 10 12 6 8 4
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
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The cuttings were planted in April 2008 and three harvests were made of the 
population, in June, August and October which had been fertilized with ammonium 
nitrate, either as  N14H4N
14O3 or N
15H4N
15O3 (N
15 10 % atom for atom). The natural 
abundance of N15 is 0.3676 % and the fate of the 10 % N15 applied can be followed 
using isotope ratio mass spectrometry. Each of the 14 genotypes were grown in 
triplicate to allow not only for statistical analysis of the results but also to allow for 
redundancy in the case that trees failed to establish or were lost through predation 
(14 x genotypes, 3 x Harvests, 3 x replication, 2 x N treatment = 252 trees).  
The fertilization schedule was applied in a manner suggested by Martin Weih 
(pers. comm., 2008), with amounts increasing exponentially to correspond to the 
tree’s ability to absorb and utilise nitrogen. Table 3-2 indicates this schedule as well 
as time points for each harvest (two, four and six months after planting) and non-
destructive measurements.  
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Table 3-2 N15 Pot Experiment Timeline 
Applications of nitrogen are applied by ammonium nitrate in an exponential manner 
over the whole growing season. Only half the trees receive the stable N15 isotope.  
 Date Action Treatment 
April 8   
 15 N15 Pot Exp Planted  
 22   
 29   
May 6   
 13   
 20 3mg N Application 15 N 
 27  15 N 
June 3 3mg N Application 15 N 
 10 HARVEST 1 15 N 
 17 20mg N Application 15 N 
 27  15 N 
July 1 20mg N Application 15 N 
 8  15 N 
 15 80mg N Application 15 N 
 22  15 N 
 29 80mg N Application 15 N 
August 5  15 N 
 12 320 mg N /HARVEST 2 14 N 
 19  14 N 
 26 320mg N Application 14 N 
September 2  14 N 
 9 1.2mg N Application 14 N 
 16  14 N 
 23  14 N 
 30  14 N 
October 7 Harvest 3 14 N 
 
The three harvest points were selected to span three major periods of 
distinct developmental strategy (Bollmark, Sennerby-Forsse et al. 1999): June, during 
tree establishment up to canopy expansion, August, at the height of the growth 
stage and light interception, and October, at the beginning of leaf senescence and 
growth retardation as a shift towards winter “dormancy”. October is relatively early 
for leaf senescence in this population (data not shown) however it was deemed 
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beneficial to harvest earlier in order to maintain an accurate and significant leaf 
fraction to observe any nitrogen movement between organs at the third harvest.  
The final total amount of nitrogen added per pot was 2.046 g. It was 
suggested initially that a total nitrogen application of 50 mg (N) per tree should be 
sufficient for the initial growth season (Weih, M., pers. comm. 2008; (von Fircks, 
Ericsson et al. 2001; Weih 2001; Weih and Nordh 2002) but it was seen that, under 
field conditions, the K8 population had grown to an average of 200 g DM during the 
establishment year (Hanley 2003). Using this information, and the assumption that 
~1 % of total DM biomass would be nitrogen (Debell and Radwan 1979; Chauvet 
1987), an application regime of 2.046 g nitrogen in total was estimated to supply the 
necessary nitrogen without being so much in excess as to drastically effect the 
natural growth of the tree.  
Each fertilizer application was made in 50 ml of water applied to the surface 
of the sand/perlite mix in the pots which also included a constant nutrient mix: (3 
mM MgSO4.7H2O, 2 mM KH2PO4, 0.1 mM NaCl, 2 mM CaCl2.6H2O, 50 μM FeNaEDTA, 
0.04 μM CuCl2.2H2O, 5.8 μM H3BO3, 1.145 μM MnCl2.4H2O, 0.065 μM Na2MoO4.2H2O, 
0.1 μM ZnCl2.7H2O). The trees were also given 200 ml of water every two days for 
the first two months. This was increased to 400 ml for the remaining four months.  
3.3.3 Processing and Stable Isotope Ratio Mass 
Spectrometry 
Harvested at one of the three time points, each of the four organs (cutting, 
leaf, stem and root) was ground independently for each tree using a water cooled 
IKA® A10 Analytical Grinder. 150 mg of ground biomass was oven dried over-night at 
105oC in order to assess the moisture content allowing the calculation of organ and 
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total DM per tree. Then 100 mg of oven dried samples from each organ was sent to 
Iso-Analytical Lt. for N15 stable isotope ratio mass spectrometry as well as total 
nitrogen assessment. This analysis was performed with 10% duplication in order to 
assess any technical variation within the analytical procedure.  
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3.4 Results 
3.4.1 Growth Data, Juvenile System and Field Trial 
Biomass Yields 
As the cutting represents a significant proportion of the total weight of the 
tree, especially at the first harvest, the total DM excluding the cutting is also 
presented here as “growth” DM. Mean genotype cutting, leaf, stem, root, total and 
growth biomass yields (g DM) were destructively recorded from the pot trial after 2, 
4 and 6 months of growth (June/August/October). By June, 56% of growth DM for all 
the trees was leaf, only 38% was stem and 6% root. By August, 34% of the growth 
DM was leaf, 54% was stem and 12% root. By the final harvest, in October, the tree 
biomass was 27% leaf, 52% stem and 21% root (Figure 3-2 A). When trees were 
grouped into genotypes, significant variation was revealed in the DM of each organ 
as well as for total and growth DM at each harvest point (Figure 3-2 B-G).  
Mean genotype leaf, stem, root, total and growth biomass yields (g DM) from 
the pot trial in August and October had a strong and significant positive correlation 
with the recorded above-ground biomass yields (Wet kg) from both the field trials of 
K8 at Rothamsted (harvested in 2005) and Long Ashton (harvested in 2003) (Table 
3-3, Figure 3-2 H). Significant correlations were also present between all the 
recorded pot trial biomass yields from August and October and the LARS 2006 
biomass yield, the second harvest cycle of that K8 population, with the exception of 
the August cutting weights (DM). 
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A B
C D
E F
G H  
Figure 3-2 Pot and Field Biomass Yields 
A Mean Biomass yields (g DM) of all the trees at each harvest for each organ, total 
and growth (all organs with the exception of the cutting), error bars represent 
standard error (n > 60). B – G mean biomass yield (g DM) for each genotype for each 
organ, total and growth (all organs with the exception of the cutting), for each 
genotype. The first, second and third column represent values for the June, August 
and October harvests respectively. The genotypes in the low biomass yielding group 
are highlighted in blue, high biomass yielding group in red and the parents in grey. 
Error bars represent standard error (n = 3-6). H Mean field, total above-ground, 
biomass yield (Wet weight g), for each genotype the first, second and third column 
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represent values for Long Ashton Research Station (LARS) 2003, Rothamsted 
Research (RRes) 2005 and LARS 2006 harvests respectively. The parents were not 
present in the field trial. 
 
Table 3-3 Pearson’s correlations for field biomass yield and pot trial biomass yield 
traits 
All field weights are presented as total above-ground wet weight (Kg) and all pot trial 
weights are presented as oven dry weight (g). Long Ashton Research Station (LARS), 
Rothamsted research (RRes). 
Harvest 2 
August  
Cuttings 
(g) Leaves (g) Stem (g) 
Roots 
(g) 
Total 
(g) Growth (g) 
2003 LARS (Kg) 0.440* 0.826*** 0.826*** 0.847*** 0.771*** 0.824*** 
2005 RRes (Kg) 0.488* 0.806*** 0.786*** 0.748*** 0.747*** 0.773*** 
2006 LARS (Kg) 0.325† 0.740*** 0.709*** 0.764*** 0.663*** 0.721*** 
Harvest 3 October  Cuttings (g) 
Leaves 
(g) 
Stem 
(g) Roots (g) 
Total 
(g) 
Growth 
(g) 
2003 LARS (Kg) 0.683*** 0.802*** 0.770*** 0.744*** 0.821*** 0.790*** 
2005 RRes (Kg) 0.652*** 0.759*** 0.707*** 0.637*** 0.755*** 0.721*** 
2006 LARS (Kg) 0.714*** 0.628*** 0.561** 0.570** 0.658*** 0.595** 
Correlations are significant to ***p≥0.05, **p≥0.1, *p≥0.15 or are †Not Significant 
 
3.4.2 Nitrogen Uptake Efficiency (UpE) 
As little root growth had occurred by June (Figure 3-3 C) the majority of 
nitrogen in the trees was presumed to be derived from the cutting as opposed to 
being assimilated from the growth media. This was further verified using the stable 
isotope N15 ratio as a marker to verify assimilated nitrogen within the N15 treated 
pots. The N15 ratio shows that <2% of the total tree N had been assimilated from the 
soil (see section 3.4.4) by June. This non-assimilated nitrogen (assumed to be derived 
from the cutting) is used as a baseline for tree nitrogen uptake efficiency (UpE) 
which can be subtracted from later harvests to show assimilated N. 
 The UpE was found to strongly correlate with root DM at both the August 
and October harvests (October harvest correlation - Figure 3-3 A and B). Both root 
DM and UpE grouped quite strongly by genotype at both the August and October 
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harvests (Figure 3-3 B-D). Genotype 13 had the highest root DM in August, second 
highest root DM in October and the highest UpE in both August and October.  
Once the genotypes were further categorised into their biomass yield groups 
a clear segregation was observed for UpE (Figure 3-3 E). UpE was highest for all the 
genotypes and biomass yield groups during August and the amount of available 
nitrogen was close to limiting for the two K8 parents in August (between 70-80% 
assimilation of available N) however this dropped substantially in October as 
fertilizer application rate was increased. 
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A B
C D
E  
Figure 3-3 Root DM and Nitrogen Uptake Efficiency (UpE) 
A October root biomass yield correlated against nitrogen uptake efficiency (UpE). 
Each tree is shown and corresponding genotype indicated. B Genotypic means of 
October root biomass yield correlated against nitrogen uptake efficiency (UpE). Error 
bars represent standard error (n = 3-6). C and D Mean root biomass yield (g DM) and 
nitrogen uptake efficiencies (UpE) for each genotype. The first, second and third 
column represent values for the June, August and October harvests respectively. The 
genotypes in the low biomass yielding group are highlighted in blue, high biomass 
yielding group in red and the parents in grey. Error bars represent standard error (n 
=3-6). E Mean biomass yield group UpE at June, August and October harvests. The 
low biomass yielding group are highlighted in blue, high biomass yielding group in 
red and the parents in grey. Error bars represent standard error (n = 12-30). 
 
3.4.3 Nitrogen Allocation 
The proportion of total tree nitrogen in each organ was assayed for every 
tree at each harvest point and is presented in (Figure 3-4 A). As previously stated, 
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there was little root formation by the first harvest in June suggesting that most of 
the nitrogen found in the first harvest derived from that stored in the cutting (see 
section 3.4.4). This was confirmed by the N15 assessment. The initial mobilisation of 
nitrogen from the cutting was largely to the leaves, with around 53% of total 
nitrogen reserves being allocated to this organ. 10 % of total nitrogen reserves were 
allocated to the stem at this time. In the following two harvests the overall amount 
of nitrogen vastly increased both in absolute amounts (with increased whole tree 
growth) and as proportions of leaf, stem and root DM (Figure 3-4 B and C). However, 
the initial allocation profile of total nitrogen between the different organs was not 
maintained through to August and October (Figure 3-4 A). The initial investment of 
53 % of total nitrogen (cutting derived) to the leaves was maintained in August, even 
after the shift from cutting reserves towards recent assimilation as a nitrogen source, 
but by October the proportion of total nitrogen allocated to the leaves dropped to 
35 %. The proportion of total nitrogen allocated to both the stem and roots of the 
trees increased in August to 19% and 8% respectively and in October to 27% and 19% 
respectively. 
The lowest nitrogen concentration in any organ at any harvest point (other 
than the cutting as would be expected at establishment) was in the stem during 
August, with nitrogen comprising 0.7 % of stem DM (Figure 3-4 C). Even though 
October was the month where the smallest proportion of total nitrogen was 
dedicated to the leaves it was conversely also the point were the highest 
concentration of nitrogen was observed, with nitrogen comprising 3.5 % of leaf DM. 
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A B
C D  
Figure 3-4 Nitrogen Allocation of all Genotypes Pooled 
A Mean percentage of total nitrogen allocated to each organ. B Mean nitrogen in 
each organ as a percentage of the whole trees DM (g/g). C The nitrogen in each 
organ as a percentage of the organ DM (g/g). D Mean Biomass yields (g DM) of all 
the trees at each harvest for each organ, total and growth (all organs with the 
exception of the cutting). The first, second and third column represent values for the 
June, August and October harvests respectively with the exception of the cutting 
where an extra column has been added indicating nitrogen allocation at the time of 
planting, April, for A-C. All error bars represent standard error (n > 60). 
To specifically interpret these changes in nitrogen “strategy” the data is also 
presented as the shift between harvest points (Figure 3-5 C-D). Between April and 
June over 64 % of the nitrogen reserves in the cuttings were remobilised with the 
majority going to leaves and only a small amount going to the stem. Little to no 
nitrogen reserves were allocated to the roots between these times. Between June 
and August this large strategic investment in the leaves was maintained (but 
quantitatively increased with the large increase in total nitrogen assimilated from 
the soil). The investment in stem and roots at this time increased by 9% and 8% of 
the trees’ total nitrogen respectively. This trend of increased importance of stem and 
root nitrogen is maintained with further proportional increases between August and 
October. At this time the increased proportion of nitrogen allocated to the stem and 
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roots comes at the expense of investment of assimilated nitrogen allocation to 
leaves, resulting in a reduction of over 17% of total nitrogen to the leaves.  
A B
C D  
Figure 3-5 Nitrogen Allocation Shifts Between Harvests of all Genotypes Pooled 
A Mean total nitrogen allocation to each organ between all three harvest points: 
June, August and October and planting in April. Error bars represent the standard 
error (n > 60). B-D Mean shift of total nitrogen allocation to each organ between 
April and June, June and August and August and October. Error bars represent the 
standard error of the difference between the two means (n > 60). 
When these shifts in allocation of total nitrogen are examined in terms of 
genotypes, significant variation can be observed (Figure 3-6 A + B). However, the 
large range of variation found mean that interpretation of any trends needs to be 
made with caution. If the data is considered with regard to biomass yield, by 
categorising into the originally defined biomass yield groups, then it becomes 
possible for distinct differences in strategy to be observed (Figure 3-6 C). The major 
difference between the biomass yield groups is between June and August, where the 
parents have a marked reduction in allocation away from the cutting and an increase 
in allocation away from the leaves. This distinct difference in the shift is also 
reflected by an earlier utilisation or depletion in cutting resources in the parents, 
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which by June have only 29 % of their total nitrogen in the cutting, in contrast to 35% 
for the higher yielding progeny and 40% for the low yielding progeny (Figure 3-6 E). 
A B
C D
E  
Figure 3-6 Nitrogen Allocation Shifts Between Harvests  for each Genotype and for 
Biomass Yield Groups  
A + B Mean shift of total nitrogen allocation to each organ between June and August 
and August and October for each genotype. Error bars represent the standard error 
of the difference between the two means (n = 3-6). C + D Mean shift of total nitrogen 
allocation to each organ between June and August and August and October for each 
biomass yield group: Low, High and parents. Error bars represent the standard error 
of the difference between the two means (n = 12-30).E Mean total nitrogen 
allocation to each organ in June for each biomass yield group: Low, High and parents. 
Error bars represent the standard error (n = 12-30).  
3.4.4 Nitrogen Remobilisation/Secondary Allocation 
As fertiliser enriched with the stable isotope N15 was added to half the trees 
(3 out of 6 biological repetitions) until the August harvest it was possible to follow 
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any secondary allocation of nitrogen if it was remobilised between August and 
October. Another benefit of the N15 enriched fertiliser is that it allowed total cutting 
derived nitrogen to be distinguished from total assimilated nitrogen.  
When all the trees were grouped together there was no significant 
remobilisation of nitrogen between August and October from the cutting and only 
small movements between the other organs, with a 2.5% and 1.5% of total 
assimilated N15 (10% atom for atom) mobilised to the stems and roots respectively 
(Figure 3-7 A). Both stem and root inputs came at the expense of a 4% mobilisation 
of N15 away from the leaves. When trees were categorised according to their 
biomass yield groups; low yielders saw a large N15 mobilisation of 9% away from 
leaves and 7.5% into stems, high yielders had a smaller difference with only a 
mobilisation of 3% of N15 away from leaves and 1.5% into stems and the two parent 
genotypes saw the reverse, with a 4% mobilisation of N15 into the leaves and 3.5% 
away from the stems (Figure 3-7 B-D). 
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A B
C D  
Figure 3-7 Nitrogen Remobilisation/Secondary Allocation 
A Mean shift of total N15 to each organ between August and October. All trees from 
all genotypes are pooled. Error bars represent the standard error of the difference 
between the two means (n>60). B and C the portion of N15in each organ from each 
tree harvested in August and October respectively. Trees are grouped into biomass 
yield groups. Error bars represent the standard error (n = 12-30). D The mean shift of 
total N15 between organs of all the trees between August and October. Trees are 
grouped into biomass yield groups. Error bars represent the standard error of the 
difference between the two means (n = 12-30). 
3.4.1 Nitrogen Usage Index (NUI) 
Although there was large variation in the NUI between trees, there was still 
genotype segregation (Figure 3-8 A). Genotypes 1 and 3 had produced the least stem 
biomass in relation to their total tree nitrogen content by August and genotypes 1, 4 
and 11 had produced the least by October. The two K8 parents, genotype 12 and 13, 
had produced much more stem biomass per unit of total tree nitrogen than their 
progeny by August and genotypes 9, 12 and 13 had produced the most by October. 
As with UpE, once trees were grouped into their biomass yield classifications 
there were significant differences between low, high and parents with the high 
biomass yielding group having over double the NUI of the lower yielding group. A 
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large increase in NUI was observed from June to August however there was no 
significant change NUI between August and October for any of the three groups. 
A B  
Figure 3-8 Nitrogen Usage Index 
A Mean nitrogen usage index (NUI) for each genotype. The first, second and third 
column represent values for the June, August and October harvests respectively. The 
genotypes in the low biomass yielding group are highlighted in blue, high biomass 
yielding group in red and the parents in grey. Error bars represent standard error (n = 
3-6). B Mean biomass yield group NUI at June, August and October harvests. The low 
biomass yielding group are highlighted in blue, high biomass yielding group in red 
and the parents in grey. Error bars represent standard error (n = 12-30). SDM = stem 
dry matter 
3.4.2 Enzymatic Saccharification of Juvenile Trees in a  
Enzymatic saccharification of the stem biomass, calculated as glucose release 
(% DM), showed that the trees segregated by genotype (Figure 3-9 A) (see section 
2.1.4). However, glucose release did not correlate with biomass yield (Figure 3-9 B).  
A B  
Figure 3-9 Enzymatic Saccharification of Stem Biomass 
A Mean glucose release (% DM) for each genotype of stem biomass from the 
October harvest. The genotypes in the low biomass yielding group are highlighted in 
blue, high biomass yielding group in red and the parents in grey. Error bars represent 
standard error (n = 3-6). Genotype 2 was excluded from analysis owing to insufficient 
quantities of biomass. B Mean glucose release (% DM) correlated against the mean 
growth DM (g) for each genotype at the October harvest (n = 3-6). 
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3.5 Discussion  
The impact of nutrient allocation on willow development was investigated by 
analysing the distribution and mobilisation of nitrogen reserves in pot-grown trees at 
three different growth stages. The pot system used in the experiment was compared 
against field biomass yield data before specific analysis into variation was carried out 
between willow genotypes in: UpE, primary nitrogen allocation, secondary nitrogen 
allocation/remobilisation and NUI at different stages of tree development. 
3.5.1 Pot Growth Data and Model Validation 
As the principle hypothesis of the experiment relied on the variation in 
biomass yield between the genotypes grown here, it was important to validate 
whether that variation in field biomass yield was maintained in the pot trial. The pot 
trial was grown outside (instead of under glasshouse conditions) and was provided a 
defined fertilizer supply intended to closely mimic field conditions. The pot 
conditions did produce biomass yields which strongly correlated with field biomass 
yields from the RRes 2005, LARS 2003 and LARS 2006 K8 field population harvests 
(Table 3-3). Biomass yield ranking was strongly maintained from the field to the pot 
trial (> 70 % for total and growth yields) at both August and October harvests. This 
relationship between pot grown and field biomass yield production was of the same 
degree (or better) as seen in similar comparisons using willow, performed by Weih 
and Nordh (2005) and Weih and Bonosi (2009). This is consistent with the 
relationship in a similar trial. A similar approach of following nitrogen input, 
assimilation and utilisation at a field level would not have been practically possible 
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for our investigation into NUE without further financial investment into a large scale 
closed nitrogen system. 
Growth in DM show a steady increase over the three harvest points but the 
investment in each organ is less clear. A surprising finding from the first harvest in 
June, as illustrated in Figure 3-2 A and E, is that there is very little or no observable 
root development over the first 8 weeks of establishment for any of the genotypes 
investigated here. When viewed in conjunction with the small amount of soil-derived 
nitrogen in the relative organs, this provides evidence that, for the first 8 weeks, the 
cutting acts as a major resource hub for growth. By June the majority of the trees’ 
resources have been committed to producing leaves (Figure 3-2) indicating that, in 
these Willows, the initial growth priority, utilising nitrogen resources almost entirely 
from the cutting, is devoted to the development of the canopy. This suggests that 
growth from this type of vegetative propagation is initially more vulnerable to 
photoassimilate limitation than nutrient limitation. Weih and Nordh (2005) found a 
similar relationship in a six month pot trial growing willow from cuttings, where 
increases in leaf area were seen as a priority over root biomass allocation. 
It is surprising that the tree can grow readily for such an extended period of 
time without root mediated water absorption, this may be why the traditional 
practice of soaking cuttings prior to planting improves the rate of establishment 
success.  This finding also indicates that the establishment year of SRC willow is 
heavily dependent on the planted cuttings, where diameter and length are often 
currently defined by the availability of suitable equipment and harvested at a time of 
mechanical convenience. Some work has been performed showing that both 
increased diameter and/or length of a planted cutting can have a positive impact on 
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subsequent growth performance in a genotype specific manner (Shield, MacAlpine 
et al. 2008). However, there is abundant scope for their optimisation, especially 
when considering that seasonal mobilisation of resources between above and below-
ground biomass may result in significant variation in nutrient content. The optimum 
time for harvesting cuttings to be used for field establishment, possibly when the 
stem nitrogen concentration is highest, may ultimately end up in conflict with 
harvesting practices, when, if agricultural inputs are to be kept at a minimum (De 
Klein, Novoa et al. 2006; Forster, Ramaswamy et al. 2007), stem nitrogen 
concentration should be at its lowest. 
During August a shift from this initial priority of leaves towards the stem is 
seen and the stem becomes the largest organ of the tree (Figure 3-2 A). Prioritisation 
of the stem further increases by October where an increase in root development is 
also observed - both increases being at the expense of investment into further leaf 
production. 
RRes 2005 and LARS 2003 biomass yields were from K8 populations 
harvested at the end of their first three year growth cycle (after an initial 1 year 
establishment and cut back). The first harvest cycle often has reduced yields when 
compared to later harvests but the significant correlations were maintained for LARS 
2006 (second harvest cycle) (Figure 3-2 H). This suggests that, for biomass yield at 
least, the pot system reflected the field after seven years of growth at least. 
Although this does not validate the model for other trait analyses, such as the 
nitrogen dynamics addressed here, it does provide evidence that this system was 
suitable for investigating aspects such as physiology and growth. It is acknowledged 
that aspects such as nitrogen assimilation, largely influenced by root growth and 
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architecture, could be significantly different between the two systems. However, this 
work is presented as an initial contribution to elucidate strategies in nitrogen 
allocation, mobilisation and use-efficiency and their relationship, if any, to biomass 
yield in SRC willow in accordance with the current state of the art. 
3.5.2 Nitrogen Uptake Efficiency (UpE) 
The low root development after the first 8 weeks of growth not only shows 
an insight into the role of the cutting but it also explains the extremely low UpE 
(Figure 3-3 E, <0.1 assimilated/available g/g) over this initial period of establishment. 
Although it would seem evident that this initial low rate of UpE is the result of 
reduced root development in June (initially marginalised as a consequence of the 
principal investment into canopy establishment) it is harder to establish whether this 
reasoning holds for the strong correlation between root development and UpE at the 
August and October (Figure 3-3 A and B). This is because if variation in UpE between 
genotypes is independent of root development it could in turn result in an impact on 
root development if that development is nitrogen limited. However, even though 
UpE did segregate significantly by genotype, it is already established that the 
biomass yields of all organs significantly vary between genotypes at the August and 
October harvest points. Establishing whether UpE varies independently of root 
development, or establishing causality of the relationship, cannot be determined 
with this experimental design. The importance of the relationship and the link 
between UpE and root development in pot grown willow has also been observed by 
Rytter (Rytter and Hansson 1996; 2001). 
Only the two K8 parents, genotypes 12 and 13, were close to 100% nitrogen 
assimilation at the August harvest and therefore likely limited by the potential 
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available soil nitrogen. The nitrogen applications increased exponentially in 
concentration in an attempt to keep pace with growth, and consequent increased 
nitrogen demand, without making excess nitrogen available. This aim was attained at 
the August harvest point, but a sharp decline in UpE at the October harvest, although 
potentially due to severely reduced assimilation rates, could also be indicative that 
by this time the applied nitrogen was in excess.  
 A major potential problem when assessing UpE was variable nitrogen inputs 
into the “closed pot system” which were difficult to control for, such as soil 
absorption from the atmosphere and mycorrhizal fluxes (even though the cuttings 
were surface sterilised with ethanol before planting and the soil didn’t contain any 
organic elements – ½ sand and ½ perlite). Soil absorption would not be a factor by 
the June harvest owing to the low root development, this allowed the cutting 
(background or non-assimilated) nitrogen to be quantitatively measured. Additional 
inputs into the system by August via soil absorption or mycorrhizal interactions could 
also be measured as the excess nitrogen remaining once labelled (assimilated 
applied nitrogen) and background nitrogen within the tree had been accounted for.  
This amount, although relatively low (<1% total nitrogen), could still be a significant 
input into the system. As no labelled nitrogen was added into the system between 
August and October, in order to follow the reallocation of previously assimilated and 
allocated labelled nitrogen, it was not possible to quantitatively assess external 
additions into the system at the October harvest. However, as it has already been 
established that by this point the nitrogen within the soil was already in excess, the 
impact of these additions becomes less significant.  
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3.5.3 Allocation (all Data Pooled)  
A clear sequence of developmental priorities can be inferred from the timing 
of nitrogen allocation. The large initial commitment of nitrogen reserves to the leaf 
provides evidence of an early priority of canopy development, and therefore 
photoassimilation, before later root development, and therefore soil nutrient 
assimilation. These findings are comparable to those found in a similar pot 
experiment using poplar with Pregitzer et al. (1990) finding ~75% of total tree 
nitrogen in the leaves during August. 
A large increase of nitrogen investment into both stem and root, observed in 
October, coincides with the greatest period of stem and root biomass production. 
Although the third harvest was in October (before leaf abscission), it was 
hypothesised that a degree of remobilisation of nitrogen away from the leaves could 
have already begun, so this time point could show physiological events while they 
were happening. However, although there is a significant reduction in the proportion 
of total tree nitrogen in the leaves, indicative of a strategic shift in developmental 
objectives, it is impossible to see with nitrogen content assessment alone, to what 
degree the shift in the proportion of total nitrogen is due to remobilisation/ 
secondary allocation and what is due to a change in primary allocation. This is 
because of large increases in both biomass and nitrogen content within the tree 
between August and October. The distinction between primary and secondary 
allocation is addressed in sections 3.4.4 and 3.5.5. 
 Unfortunately, the weight of the cuttings was not recorded at the time of 
planting so, although the amount of nitrogen within these cuttings can be inferred, 
the nitrogen as a percentage of organ DM cannot be calculated. As the cuttings 
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derived from stems harvested in the winter cutting, a comparison of cutting nitrogen 
content at planting and stem nitrogen content in October could have allowed 
speculation about what remobilisation or further assimilation of nitrogen to the 
stem would have occurred after the October harvest. A more pronounced re-
mobilisation (secondary allocation – see section 3.4.4), could be expected after 
October as leaf senescence was not complete by this time (see section 3.3.2 for 
harvesting strategy).  
3.5.4 Allocation (Genotypes and Biomass Yield Groups) 
Interestingly, the distinct reduction in allocation away from the cutting in the 
parents, due to earlier utilisation or depletion of cutting resources, as well as their 
increased proportion of nitrogen allocation away from the leaves between June and 
August resembles the shift profile  that occurred between August and October for all 
the other groups (Figure 3-6 C and D). This could be indicative of an earlier or more 
successful canopy establishment in the parents which consequently lead to trees 
which shift towards investment in roots and stems earlier, or what could be seen as 
a longer growing season. Strong evidence between the relationship of earlier canopy 
establishment (through early bud burst) and increased biomass production has 
already been demonstrated by Ronnberg-Waestljung et al. (1999) and Weih (2009). 
The other possibility is that that the cutting resources which can be 
utilised/mobilised have become depleted as this would also lead to a shift away from 
further prioritising of canopy establishment (and increased photoassimilation) 
towards root development (and increased soil nitrogen assimilation). When looking 
at the genotypes separately the highest biomass yielding K8 genotype, genotype 9, 
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also reflects this shift profile, potentially indicative of an earlier canopy 
establishment.  
3.5.5 Nitrogen Remobilisation/Secondary Allocation 
Unfortunately, due to the reduced replication of N15 treated trees, as well as 
the cumulative effect of calculating the standard error of the difference between 
two means (as destructive harvesting means comparisons of independent trees for 
the August and October harvests), values were highly variable when assessing the 
remobilisation of nitrogen. This reduced amount of replication also prevented 
analysis at a genotypic level. A very small but clear trend is seen when data from all 
the trees were pooled (Figure 3-7 C), with nitrogen moving from leaves to the stem 
and a lesser amount to the roots, but the major differences were seen when the 
trees were separated into their biomass yield groups. A clear trend across the three 
groups emerged, that reduced remobilisation of nitrogen from the leaves to the 
stem was linked to increased biomass yield (Figure 3-7 D). This finding is in 
contradiction with that of a pot trial conducted by Weih (2001), where a higher 
biomass yielding genotype (“Tora”) had greater nitrogen remobilisation away from 
leaves during autumn than a lower biomass yielding genotype (“L78183”). 
This is a much starker difference than seen when observing primary 
allocation alone and could be the result of internal resource regulation which 
significantly influences the length of the growing season. It is speculated that later 
remobilisation of nitrogen away from leaves,  associated with a later leaf senescence, 
would result in a prolonged growth season and consequent potential increase in 
biomass yields. It has recently been demonstrated that longer leaf duration can 
result in a large increase in biomass production (Weih 2009). 
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Another major point of interest raised by the N15 data is that remobilisation 
of resources seems to be primarily a shift from leaves to stems, or at best a shift 
from leaves to stems and roots with only a small amount being translocated from 
above-ground biomass to below-ground biomass. Previous studies have also 
provided evidence for a preference for above-ground nitrogen storage (Bollmark, 
Sennerby-Forsse et al. 1999). This of major importance if reductions in field fertiliser 
inputs are to be achieved as substantial proportions of tree nitrogen reserves stored 
in the stem will be lost at each harvest. The efficiency of nitrogen retention (eg. the 
tree’s ability to reduce nitrogen loss through outputs such as leaf abscission) in this 
context needs to include the tree’s ability to mobilise nitrogen from above-ground 
(harvested) to below-ground (non-harvested) biomass over winter if subsequent 
harvest yields are to be maintained while minimising agricultural land inputs. The 
potential physiological benefits for mobilisation from stems to roots that are clear in 
grasses such as Miscanthus where the rhizome is the perennial organ (Finch, Karp et 
al. 2009), are less apparent in SRC willow which maintain viable and long-lived above 
ground stems, so the existence of such pathways mediating such mobilisation in 
willow may be in doubt.  
It has previously been speculated that nitrogen reserve formation is 
supported in two ways, a reduction in the growth related nitrogen sink and in 
remobilisation of nitrogen away from senescing leaves (Bollmark, Sennerby-Forsse et 
al. 1999). These two final arguments: i) that a reduced amount of nitrogen 
remobilisation away from leaves (at least up to October) was observed in the 
present work to be beneficial to high biomass yields and ii) that high amounts of 
nitrogen remobilisation to below-ground biomass are important for reducing 
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agricultural inputs, could lead to a point of conflict for biofuel selection. Further 
work needs to be done to overcome these obstacles as it was not possible, within 
the scope of this work, to see what degree of nitrogen remobilisation occurred after 
the October harvest point: whether higher yielding genotypes lost greater amounts 
of nitrogen during leaf abscission or whether they just remobilised nitrogen later in 
the season.  
3.5.1 Nitrogen Use/Usage Index (NUI) 
The NUI is used to observe how efficiently stem biomass is produced per unit 
of total tree nitrogen as distinct from UpE (Good, Shrawat et al. 2004; Brauer and 
Shelp 2010). The ability to produce more stem biomass per unit of nitrogen has been 
previously shown to separate different yielding willow genotypes (Weih and Nordh 
2002). Here NUI also varied between genotypes and biomass yield groups. This 
difference in NUI was established early on in August and then remained constant 
until October. This is interesting when viewed with nitrogen assimilation efficiencies 
as there is a large difference in UpE between these two harvest dates. The data 
indicates that there was an upper constraint to the trees ability to produce stem 
biomass in this system which was limited by factors other than internal nitrogen 
content owing to the excess of nitrogen. It also seems evident that this constraint 
strongly and significantly differed between genotypes. 
3.5.2 Enzymatic Saccharification 
As the enzymatic saccharification yields of the trees did segregate by 
genotype it was interesting that the trait was independent of biomass yield, albeit 
within this fairly small sample size.  Both traits are of central importance to 
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optimising lignocellulosic biofuel yields. If enzymatic saccharification requires 
independent selection then further research into this trait will not only provide novel 
insights to the plant cell wall but will also present potentially rewarding 
opportunities for significant improvements to current lignocellulosic biofuel yields. 
The significance of these results is considered further in Chapter 4. 
3.5.3 Conclusions 
A closed pot system, where nitrogen fate could be accurately assessed, was 
established and successfully reflected field biomass yields. The important findings of 
the study using this pot system were: 
i) Root biomass accumulation and nitrogen assimilation (UpE) are 
strongly associated and varied in unison between genotypes. Earlier 
secession of the dependency on the original planted cutting for 
nitrogen was linked to higher biomass yields.  
ii) All the trees assessed here indicated that the first developmental 
objective of SRC willow establishment is canopy construction. That 
initial development is almost entirely fuelled by resources 
remobilised from cutting reserves showing that the cutting acts as a 
primary resource hub for around eight weeks after planting.  
iii) Through observation of both organ biomass accumulation and 
nitrogen allocation, a clear sequence of developmental priorities 
was identified. In the first two months canopy construction took 
precedence over root development yet after this time, long before 
leaf senescence, resource investment shifts towards the stems and 
roots as a clear priority.  
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iv) Earlier canopy development, as well as the reduced (or delayed) 
nitrogen remobilisation away from the leaves in October, suggests 
that an increased canopy duration over the season maybe a major 
factor resulting in increased biomass yields.  
v) In order to increase nitrogen retention, with the hope of reducing 
agricultural land inputs and opening up more low-nutrient land for 
cultivation, research should be directed into increasing 
remobilisation of nitrogen from the stem to the roots. Evidence 
from the present work shows that the stem is the major nitrogen 
reserve leading up to winter dormancy.  
vi) The higher biomass yielding willow genotypes grown here had 
substantially increased NUI. This shows that the ability to utilise 
nitrogen efficiently, although constant within genotypes, varies 
between genotypes from August to October and that that variation 
is relevant to biomass yield. 
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Chapter 4 Enzymatic Saccharification of 
the Willow K8 Mapping Population 
4.1 Collaborators 
This work was achieved in collaboration with Dr. Steve Hanley, who 
performed the QTL analysis (see sections 4.3.7, 4.4.3 and 4.5.3). 
4.2 Introduction 
In bioethanol production from lignocellulose, enzymatic saccharification is 
one step of the process chain to release glucose from cellulose in plant cell walls 
(Figure 1-1). Although it has yet to be established whether traits relating to 
enzymatic saccharification yield could be selected for in the breeding of improved 
willows for lignocellulosic bioethanol production, Quantitative Trait Loci (QTL) 
mapping is able to indicate associations between traits of interest and segregating 
regions of the genome. Previous QTL studies on SRC have focused on traits such as 
biomass yield (Hanley 2003; Rae, Pinel et al. 2008; Rae, Street et al. 2009), 
developmental regulation (Tsarouhas, Gullberg et al. 2004; Weih, Ronnberg-
Wastljung et al. 2006) and stress resistance (Tsarouhas, Gullberg et al. 2004; 
Ronnberg-Wastljung, Glynn et al. 2005). The Rothamsted Research K8 willow 
mapping population is unique in its large size and the fact that it has been 
characterised for yield traits over successive biomass harvest cycles at two sites, 
Rothamsted Research and Long Ashton (Hanley 2003; Hanley, Mallott et al. 2006). 
The K8 mapping population thus provides an opportunity to identify QTL associated 
with enzymatic saccharification yield and to examine possible relationships between 
biomass yield traits and enzymatic saccharification potentials. Although a fully 
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annotated genome sequence has yet to be  published for members of the Salix 
genus, the parents of the K8 population are known to share a high degree of 
macrosynteny with the sequenced Populus trichocarpa genome (Hanley, Mallott et 
al. 2006), providing an efficient route to gene discovery and the development of 
molecular markers for use in potential marker-assisted breeding programmes if QTL 
of high resolution associated with enzymatic saccharification were identified. 
 None of the K8 biomass, used in enzymatic saccharification experiments here, 
had received chemical or physicochemical pretreatment other than standard 
analytical particle size reduction (see section 2.1.1). This allowed the research to 
concentrate on ‘baseline’ variation in recalcitrance to enzymatic saccharification 
with a view to establishing whether there is scope to select for genotypes that offer 
inherently superior lignocellulosic biofuel traits. The impact of reduced cell wall 
recalcitrance to enzymatic saccharification on the severity of pretreatment needed 
for optimal feedstock glucose yields is addressed in Chapter 6. Confirmatory ethanol 
fermentation experiments were also conducted on saccharification solutions 
released from two of the willow genotypes. 
In this study, one of the reasons willow was selected for investigation as a 
potentially promising bioethanol source was after a preliminary comparison of 
enzymatic saccharification of different lignocellulosic energy feedstocks. It is possible, 
in selecting willow varieties for high biomass yield for power generation (thermal 
conversion), that optimal varieties have also been selected for biofuel production. 
However, it is postulated here that this is not necessarily the case and that the 
current high-yielding genotypes may not have optimal compositions for enzymatic 
glucose release. Therefore two questions are addressed in this research to 
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determine the scope for genetic improvement of willow for biofuel production: i) can 
QTL associated with enzymatic saccharification yield be mapped in willow and ii) is 
there a correlation between enzymatic saccharification yield and total biomass yield 
across a range of genotypes in the K8 population? 
Much of the content of this chapter has been published as “Brereton, N.J.B., 
Pitre, F.E., Hanley, S.J., Ray, M.J., Karp, A., Murphy, R.J. QTL Mapping of Enzymatic 
Saccharification in Short Rotation Coppice Willow and Its Independence from 
Biomass Yield BioEnergy Research (2010) 10.1007/s12155-010-9077-3” (Brereton, 
Pitre et al. 2010). 
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4.3 K8 QTL Analysis - Methods and Materials 
4.3.1 Plant Material/Study Site  
This study was based on a random subset of the K8 willow mapping 
population and a subset of reference material. K8 comprises 947 full-sib individuals 
generated from a cross between two hybrid Salix viminalis × Salix schwerinii full-sib 
parents and is known to segregate for rust resistance, biomass yield and several 
related stem traits (Hanley 2003). The Long Ashton K8 population used in this 
analysis was established from cuttings in March 2000, full details of the population 
pedigree and planting design are given by Hanley (Hanley 2003). Briefly, six 
replicates (cuttings) of each of the 947 K8 progeny were planted as non-replicated, 
single plots within the experiment, with each genotype being assigned to a random 
plot position. Each plot of six plants was planted in a 2 × 3 arrangement, i.e., a double 
row of three plants. To minimize possible neighbour effects, only the two internal 
plants of the six are used for trait measurements in this population. For the 
experiment described here, only the “left” replicate of each pair of test plants was 
sampled. Although the entire K8 population is replicated by planting at the two sites, 
the absence of within-site plot replication is addressed by the use of multiple plots of 
a standard cultivar (S. viminalis cultivar “Jorr” at Long Ashton and “Bowles Hybrid” at 
Rothamsted) (Lindegaard 2001; Hanley 2003; Hanley, Mallott et al. 2007; Aylott, 
Casella et al. 2008). Bowles Hybrid is a medium yielding S. viminalis cultivar bred in 
the UK which has recently been shown to display poor disease resistance. It was 
used within the K8 mapping population trial at Rothamsted to minimise edging 
effects and to assess spatial variation throughout the field site. Jorr is a medium 
yielding, disease resistant S. viminalis cultivar that was also used to minimise edging 
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effects and to assess field spatial variation in the K8 mapping population at Long 
Ashton. The standard cultivar plots are included in trait assessments, and resulting 
data are used to identify and correct for any spatial heterogeneity within a site. At 
both experimental sites, the standard cultivars also surround the entire population 
to prevent edging effects. The average planting density within the Long Ashton trial 
is one tree per 0.583 m2 or 17,143 trees per hectare (Rothamsted K8 population is 
16,666 trees per hectare).  
4.3.2 Sampling and Processing 
For comparison of the enzymatic saccharification yields between willows 
crops and other biomass feedstocks, the S. viminalis cultivars “Jorr” and “Bowles 
Hybrid” were used from the K8 populations at Long Ashton and Rothamsted 
Research respectively. Samples comprised nine stools of “Jorr” and three stools of 
“Bowles Hybrid.” Six stems of Miscanthus × giganteus were also taken from a trial at 
Rothamsted Research planted in 1993 (Christian, Riche et al. 2008). The stems were 
harvested on 28th of January 2009 and processed within 1 week of harvest. Breast 
height (1.3 m) samples of 16-year-old Pine (Pinus radiata) were collected from trees 
harvested at Silwood Park, Ascot, Berkshire, UK in January 2008. 
Of the 947 genotypes comprising the K8 population at Long Ashton, the first 
138 genotypes in the spatial sequence (representing a random selection of progeny) 
were used for this study. For each genotype, one stool of the two inner stools in the 
plot was sampled and all stems used from the stool. Willow samples were harvested 
during March 2008, at the end of the second year of its second, 3-year growth cycle 
after initial cut-back. For each genotype, the height and midpoint diameter of all 
stems was recorded, and 20-cm stem samples were taken from the midpoint of each 
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stem. A sample 4 cm in length was also taken from a subset of genotypes at a height 
of 130 cm from a single stem for microscopical analysis (see section 2.1.3).  In order 
to allow normalization of enzymatic saccharification yield for any variation caused by 
irregular environmental factors across the field, the nine S. viminalis cultivar “Jorr” 
stools were included.  
All stem sections from a stool (an average of 16) were split, dried, cutter 
milled and sieved to produce material appropriate for enzymatic saccharification as 
outlined in section 2.1.1.  
4.3.3 Biomass Yield Estimates 
Data on biomass yields for K8 at both Long Ashton and Rothamsted sites have 
been collected for successive years since each was planted and consists of both non-
destructive yield estimates (based on stem diameter and stem height) and  yields 
from destructive samplings (harvested biomass). Previous work has demonstrated a 
strong correlation between stem diameters, heights, and harvestable yield which 
enabled accurate predictions of  yield from the non-destructive measurements of 
any year (Hanley 2003). A model to predict biomass yields, given as t DM ha−1 year−1, 
was developed using the non-destructive measurements of stem number and 
heights of each plot taken from the Long Ashton K8 in 2003. This described 91% of 
the variance of the recorded biomass yields destructively measured from each plot 
at the Long Ashton K8 in 2003. This model was applied using stem trait data 
collected at the time of sampling to those trees used here for the enzymatic 
saccharification. 
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4.3.4 Enzymatic Saccharification 
Enzymatic saccharification was performed and measured as described in 
section 2.1.4 with the exception that, as cellulose composition was unknown for 
each genotype, an equal amount of fresh weight biomass, equivalent to 0.2 g DM, 
was used in place of the 0.1 g of cellulose recommended in the NREL  protocol (Selig, 
Weiss et al. 2008).  
4.3.5 Fermentation 
A fermentation assay was conducted on samples of enzymatic 
saccharification material as a check for inhibitor release or production. Enzymatic 
saccharification was performed as described above but in the absence of antibiotics 
and using biomass that had been pre-sterilized by gamma irradiation (500,000 cGy) 
from a Caesium-137 source.  The enzymatic saccharification products were analysed 
by HPLC (see section 2.1.6) followed by freeze drying and resuspension in deionised 
water to normalise glucose concentrations to 5 %. The fermentation reaction 
comprised: 1 % yeast extract, 2 % peptone and 1 % glucose (w/v) enzymatic 
saccharification product. Equivalent amounts of analytical reagent glucose were used 
as a positive control. The reaction was inoculated with 1 x 108 cells of Saccharomyces 
cerevisiae and the amount of deionised water was calculated to bring the total 
volume of each reaction to 10 ml. Samples were incubated at 30°C for 24 hours in a 
static incubator and the amount of ethanol produced was then determined by HPLC 
(see section 2.1.6).   
4.3.6 Statistical analysis 
The method of Residual Maximum Likelihood (REML) (Patterson and 
Thompson 1971) was used to fit the models to the data, as implemented in the 
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GenStat® (GenStat® 2008) statistical package. In the models, the effects for 
genotypes were taken as a fixed effect and the effects for rows and columns (or 
interaction between them) as random effects. GenStat® was also used to explore 
correlations between saccharification and stem trait data. 
4.3.7 Genetic analysis 
Of the 947 individuals comprising the K8 population, 467 were used in the 
construction of linkage maps for QTL analysis.  Parental and consensus linkage maps 
were constructed according to strategy and methodologies described previously for 
willow (Hanley 2003; Hanley, Mallott et al. 2006). As several regions of the K8 map 
contain only markers that are heterozygous in both parents, a consensus linkage 
map was calculated and used in QTL analysis according to an ‘all markers’ approach 
(Maliepaard and Van Ooijen 1994). The consensus map comprised simple sequence 
repeat (SSR), single nucleotide polymorphism (SNP) and amplification fragment 
length polymorphism (AFLP) markers and spanned 2195 cM with an average interval 
between markers of 4.3 cM.  QTL analysis of enzymatic saccharification utilised 125 
of the 467 genotypes.  Interval mapping (Lander and Botstein 1989) was used to 
detect segregating QTL.  LOD (Logarithm of Odds) significance thresholds for each 
trait were determined by permutation tests (1000 permutations).  All aspects of QTL 
analysis were performed using MapQTL 4.0 software (Van Ooijen, Boer et al. 2002). 
Linkage group nomenclature is as described in Hanley et al (2006). 
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4.4 Results 
4.4.1 Comparison of feedstocks  
Comparison of the enzymatic saccharification potential of bioenergy 
feedstocks was performed on SRC willow, using both S. viminalis cultivars “Jorr” and 
“Bowles Hybrid,” an energy grass, Miscanthus x giganteus, and a softwood, P. 
radiata. For each feedstock, enzymatic saccharification was performed with a 
minimum of 20 technical replications. Both varieties of willow had higher glucose 
release than both Miscanthus x giganteus and P. radiata (Figure 4-1). This finding 
contributed to initiation of further investigations into willow as a bioethanol source 
using the willow K8 mapping population (following sections).  
The average glucose release values from the K8 mapping population are also 
presented for comparison with the other feedstocks. Once soluble glucose yields 
were included (to give total glucose yields), Miscanthus x giganteus is comparable to 
the K8 willow population (Figure 4-1B). The S. viminalis cultivar “Bowles Hybrid” had 
the highest glucose release and total glucose yields (% DM). However, “Bowles 
Hybrid” is known to have a relatively low biomass yield (Lindegaard 2001) (Figure 4-1 
C). The hypothetical ethanol yields per hectare per year for each feedstock without 
pretreatment were predicted using an assumption of  90% conversion of glucose 
(excluding any other fermentable sugars present) to ethanol (Alfenore, Cameleyre et 
al. 2004) and taking into account the differing biomass yields (DM t ha−1 yr−1) 
predicted from previous destructive assessments (Section 4.3.3). After this 
calculation, the S. viminalis cultivar “Jorr” emerged as the greatest yielding feedstock, 
with an estimated average of 1,140 EtOH l ha−1 yr−1.  
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4.4.2 Trait analysis of the K8 
No spatial trends across the field site were detected for any stem trait of the 
nine replicated S. viminalis cultivar ‘Jorr’ control plants within the sampled area.  
Thus, no adjustment to the data for the K8 genotypes was required to compensate 
for location within the site. Normally distributed trait values across the willow 
genotypes were observed for average stem height, average stem diameter and stem 
number (Figure 4-2A, B and C).  
A B   
C D  
Figure 4-1 Feedstock comparison without pretreatment: Glucose release and total 
glucose yields as a percentage of DM, predicted biomass and ethanol yields ha-1yr-1 
A Glucose release % DM, a constant added to each assay. B Total glucose produced 
after enzymatic saccharification, including soluble glucose, viewed as a percentage of 
DM. C Predicted biomass yield produced per hectare per year (DM t ha-1 yr-1). D 
Predicted ethanol yields without pretreatment, a product of enzymatic 
saccharification (assuming a 90% conversion to ethanol (Alfenore, Cameleyre et al. 
2004)) and biomass yields, produced in litres per hectare per year. n ≥ 20 (except for 
K8 n= 138) results are presented as means plus standard error. 
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A B  
C D
E  
Figure 4-2 Stem and enzymatic saccharification traits frequency distribution   
Frequency distributions of 138 K8 genotypes are shown for A Stem average 
diameter, B Stem average height, C Stem number and D Frequency distribution of 
the glucose release % DM. E Frequency distribution of the total glucose yield % DM. 
 
 Similarly, enzymatic saccharification traits were not subject to any significant 
spatial trends and trait value frequencies were also normally distributed (Figure 4-2D 
and E).  A broad range of natural variation in total glucose yields was observed 
(Figure 4-3A). The nine independent S. viminalis cultivar ‘Jorr’ stools , grown 
throughout the plantation, were assayed separately and produced an equivalent 
average of 108 kg of total glucose (t-1 DM) (standard error ± 3.6, n = 9). When the 
different biomass yields (t DM ha−1 year−1) were taken into account the highest 
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performing genotype selected from within the K8 population was estimated to 
achieve a hypothetical ethanol yield without pretreatment of 1,247 EtOH l ha−1 yr−1, 
while the poorest performing genotype yielded 27 EtOH l ha−1 yr−1 (Figure 4-3B). 
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A  
B  
Figure 4-3 Total glucose yields (Kg DM t-1) after enzymatic saccharification and 
theoretical ethanol yields without pretreatment 
A Enzymatic saccharification yields shown as glucose kg DM t-1. B Theoretical ethanol 
yield ha-1 yr-1 without pretreatment. Ethanol yields presented as litres are a product 
of total glucose (assuming a 90% conversion to ethanol (Alfenore, Cameleyre et al. 
2004)) and predicted biomass yields. Every other of the 138 individual genotypes 
selected from the K8 population is labelled (NF1-NF138) on the x-axis. The nine S. 
viminalis cultivar ‘Jorr’ stools used as spatial controls throughout the plantation were 
assayed separately and their standard error is shown. The S. viminalis cultivar 
‘Bowles Hybrid’ control is also shown. 
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The morphological traits of average stem diameter and average stem height 
did correlate strongly with one another, however,  neither of these parameters 
correlated with stem number (Table 4-1), as expected from previous work (Hanley 
2003). Glucose release showed a strong correlation with total glucose yield but did 
not correlate strongly with any stem characteristics measured or with total biomass 
yields as predicted t DM ha-1 yr-1 (Table 4-1).  
Table 4-1 Pearson’s correlations and coefficients of variance within and between 
stem traits and enzymatic saccharification data 
 
Mean Stem 
Diameter 
(cm) 
Mean 
Stem 
Height 
(m) 
Stem 
Number 
Glucose 
Release % 
DM 
Total 
Glucose % 
DM 
Mean Stem 
Diameter (cm) 
_     
Mean Stem 
Height (m) 
0.895 -    
Stem Number 0.243 0.239 -   
†Glucose 
release % DM 
0.136† 0.179 0.122† -  
Total Glucose 
% DM 
0.224 0.307 0.209 0.834 _ 
All correlations are significant p≤0.05 (except 2 data points †, p≤0.15) 
 
Figure 4-4 Glucose release correlation with biomass yield 
Glucose release given for each genotype without pretreatment plotted against 
calculated biomass yield for each genotype. The two parental genotypes are 
omitted. 
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4.4.3 QTL analysis 
Four QTL were detected for glucose release on linkage groups V, X, XI and XVI 
explaining 18.5%, 11.7%, 15.4% and 10.2% of the phenotypic variance, respectively 
(Figure 4-5).  For all QTL, the LOD profile exceeded the chromosome level 
significance threshold as determined by permutation tests.  For total glucose, a QTL 
on linkage group V was detected that co-located with the enzyme-derived glucose 
QTL on this linkage group (Figure 4-5). A second QTL for total glucose was detected 
on linkage group XVIII that explained 11.7% of the phenotypic variance for this trait.  
No QTL for glucose release was detected in this position.  No QTL for stem traits 
were detected that co-located with enzymatic saccharification trait QTL. 
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Figure 4-5 QTL for glucose release and total glucose detected in the K8 mapping 
population 
Glucose release (GR) QTL shown in black and co-locating QTL for total glucose (TG) are 
also shown as grey. LOD profiles from interval mapping are shown on the right of each 
QTL and chromosome level significance thresholds are indicated for each linkage 
group. 1-LOD (think solid line) and 2-LOD (thin solid line) confidence intervals are 
shown for each QTL. The percentage of the phenotypic variation explained by each QTL 
is indicated in parentheses. Consensus linkage groups are shown comprising 
segregating markers derived from both parents.  Microsatellite markers have the prefix 
SB, AFLP markers have the prefix E. The remainder of markers are Single Nucleotide 
Polymorphisms (SNPs). Where a homologous region of the Populus genome sequence 
was identified for a particular marker, the coordinates of the marker are provided in 
square brackets. 
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4.4.4 Fermentation 
In order to determine the conversion efficiency to ethanol of the enzymatic 
saccharification products, S. viminalis cultivar ‘Bowles Hybrid’ and one of the highest 
performing K8 genotypes (NF62) were used for a Saccharomyces cerevisiae 
fermentation assay. Each willow enzymatic saccharification product resulted in a 
greater amount of ethanol, 109 % (+/- 3.5 %), than a glucose positive control. 
4.4.5 Observation of an uncommon cell wall layer 
potentially effecting glucose yield 
Anatomical sectioning (see section 2.1.3) of a high (NF83 – ranked 9th in the 
K8 population genotypes tested) and low (NF110 – ranked 112nd) glucose release 
yielding genotype (see methods section 2.1.3) revealed the presence of tension 
wood (see Chapter 5) (Figure 4-6). Although difficult to quantify throughout the 
entirety of the stem NF83 seemed to have more tension wood then NF110 at these 
stem positions. 
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                                   NF83                                                                 NF110 
A B
C D
E F  
Figure 4-6 Tension wood in genotypes NF83 and NF110 
Samples (4 cm length) were taken from a single stem at a height of 130 cm. 20 µm 
transverse sections stained in 1 % Chlorazol Black E in methoxyethanol and 1 % 
Safranin O (see section 2.1.3). Tension wood is highlighted (↓). 
A) Genotype NF83, B) Genotype NF110.  Scale bar = 1mm  
C) and E) Genotype NF83, D) and F) Genotype NF110. Scale bar = 100µm 
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4.5 Discussion 
The present results  demonstrated that naturally occurring variation in 
enzymatic saccharification occurs within the stem biomass of the K8 willow mapping 
population growing at Long Ashton (SW England) and that this variation is sufficiently 
robust to map QTL for this trait. The four glucose release QTL mapped onto 
chromosomes V, X, XI and XVI indicate that enzymatic saccharification yields are 
under significant genetic influence. This trait was independent of biomass yield traits. 
Although other feedstocks were investigated, the study was mostly confined to K8 
population which has two species in its pedigree. These parents were not selected 
on the basis of their lignocellulosic composition. Given the extensive diversity 
present among willow germplasm for several traits and, specifically, the diversity in 
glucose release these experiments suggest, excellent prospects for breeding 
improved willows for biofuel production using marker-assisted selection can be 
inferred. The results from the limited study of two other feedstocks suggest that SRC 
willow has real potential as a dedicated lignocellulosic ethanol fuel crop (Figure 4-1). 
4.5.1 The influence of sampling and processing 
methodology 
Single willow stools generate multiple stems with different height and 
diameter characteristics and so the sampling strategy used here to obtain material 
for the enzymatic saccharification experiments (taking 20cm sections from the mid-
point of each individual stem of a stool) was devised to take into account this 
multistem form. Although sampling from a single stem was considered, this 
approach was rejected as it is difficult to reliably identify the leading stem for each 
stool. Furthermore, the enzymatic saccharification results obtained here, from 
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pooled samples of all the stems of a stool, are more likely to be representative at the 
crop scale, where all the stems from the stool are harvested. Traditional, hardwood 
timber processing usually involves debarking. In terms of enzymatic saccharification 
yields, it would be expected that debarked wood (just xylem) would give higher 
values when compared with material also containing phloem/bark due to a higher 
overall proportion of cellulose (Klasnja, Kopitovic et al. 2002; Adler, Verwijst et al. 
2005; Serapiglia, Cameron et al. 2008). This suggests that even though an increase in 
glucose from debarked willow is observed, debarking of SRC willow stems within an 
integrated lignocellulosic biomass production process may not be practical given the 
likely high energy demand, loss to overall biomass, and consequent loss of overall 
glucose associated with such a process. Although variation in inherent enzymatic 
saccharification values between stems within a stool was addressed by combining 
developmentally normalized samples, the variation between stools within a plot, a 
field, or across sites was not established. This was because an increased number of 
genotypes were preferred over replication in order to identify loci associated with 
enzymatic saccharification yields. 
4.5.2 Glucose yields  
Each of the nine independent S. viminalis cultivar “Jorr” stools assayed gave 
similar enzymatic saccharification yields which is indicative of the consistency of this 
trait within this genotype across the Long Ashton site. In contrast, a high level of 
diversity was found in the enzymatic saccharification yields across the different 
genotypes from the K8 population suggesting a significant genetic contribution to 
this trait. This study has also provided evidence that enzymatic saccharification yield 
is a trait independent of biomass yield (Figure 4-4); however, it must be noted that 
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only a single family originating from two parental genotypes were included here. In 
contrast, as would be expected as glucose release is a function of the total glucose in 
the biomass, a strong correlation between total glucose and glucose release was 
observed (Table 4-1). The total glucose and glucose release yields also did not 
correlate with biomass yield traits measured, indicating that enzymatic 
saccharification yield is also independent of diameter, height, or number of stems in 
the population studied.   
If these findings hold true for a broad spectrum of willow genotypes, this 
study has important implications for breeding willow as a dedicated lignocellulosic 
biofuel crop as it suggests that biofuel-related traits will need to be subjected to 
independent selection from biomass yield per se. For example, in this study, K8 
genotype NF79 would be selected as the optimum commercial genotype for a 
dedicated lignocellulosic biofuel crop based on biomass yield alone (yield 24.4 t DM 
ha−1 year−1). However, when enzymatic saccharification yield is included as an 
additional selection trait, genotype NF15 would become the preferred choice with a 
glucose yield of 2.14 t ha−1 year−1 (0.3 t ha−1 year−1 greater than genotype NF79) or a 
hypothetical ethanol yield equivalent to 1,247 l ha−1 year−1 (175 l ha greater then 
genotype NF 79, Figure 4-3B). Not only would genotype NF15 have the highest 
predicted ethanol yield per hectare but it would also have the added practical 
advantage of a reduced amount of biomass to be harvested, transported, and 
processed to achieve these elevated ethanol yields per hectare (compared with the 
highest biomass yielding varieties). The combined enzymatic saccharification and 
biomass yield results obtained for the K8 genotype NF15 give a good example of how 
exploration of the variation in these (and other) traits present in willow can establish 
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targets which could be selected for in order to produce feedstocks with high biofuel 
production potential. It is stressed, however, that the biomass yield values quoted 
above are possibly overestimated as a result of competition effects between 
different genotypes in the population. 
It is emphasised that the above analysis does not include pretreatment which 
is designed to substantially increase the amount of glucose release by enzymatic 
saccharification. By discounting pretreatment, identification of feedstock properties 
related to inherent cellulose accessibility was possible. As it remained to be tested 
whether this may have direct implications for contemporary pretreatments, 
influencing the severity of treatment required and/or the glucose yields obtainable 
further investigation is pursued in Chapter 6. The results for Miscanthus x giganteus 
harvested in late winter/early spring suggest a higher inherent recalcitrance to 
enzymatic saccharification of its cell walls when compared with those of willow 
although total yields were comparable due to relatively higher amounts of soluble 
glucose in the Miscanthus x giganteus (Figure 4-1). 
4.5.3 Enzymatic saccharification QTL  
The identification of QTL governing enzymatic saccharification yields provide 
a potential route to the efficient selection of favourable biofuel genotypes through 
marker-assisted breeding strategies. The mapping resolution of the four QTL 
identified in this study is limited as a consequence of the limited number of plants 
that could be phenotyped and the positioning of markers within the QTL regions. The 
latter constraint may be addressed in future by mapping additional markers in these 
regions. As the K8 linkage map has been aligned to the publicly available P. 
trichocarpa genome sequence and macrosynteny and colinearity have been 
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demonstrated (Hanley, Mallott et al. 2006), the identification of candidate genes 
underlying the QTL regions is a possibility and this approach could provide gene 
targets for marker development and further functional analysis via transformation 
approaches in model organisms such as poplar.  
Following enzymatic saccharification, fermentation of the released sugars 
showed that no significant fermentation inhibitors were found in the two willow 
varieties investigated and that a slightly greater amount of ethanol was produced by 
S. cerevisiae than the glucose controls. It can be surmised that fermentable hexose 
sugars other than glucose, such as mannose (Larsson, Palmqvist et al. 1999), are 
released from willow during the enzymatic saccharification process.  
An abundance of tension wood was clearly present in the K8 genotypes NF83 
and NF110 (Figure 4-6). Tension wood is characterised by a unique cell wall layer, 
termed the gelatinous layer (G-layer), thought to contain a greater proportion of 
cellulose than the secondary cell layer (Timell 1969; Nishikubo, Awano et al. 
2007)(see Chapter 5). Because of the difference in structure, and increased amount 
of cellulose within the G-layer of tension wood cells, its presence could potentially 
play a role in explaining some of the variation in glucose yields observed across the 
K8 population. Tension wood is formed in localised regions of the stem which are 
bent away from the vertical orientation. As the unique morphology of SRC willow 
often results in bent stems it would be difficult to quantitatively assess the amount 
of whole tree tension wood within these two genotypes or in every tree within the 
K8 field trial. Because of this difficulty in the field, the impact of tension wood on 
glucose yields of a tree was addressed in a separate pot experiment (see Chapter 5). 
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4.5.4 Conclusions  
In order to assess the potential of willow as a dedicated lignocellulosic biofuel 
crop this work has demonstrated that there is a clear need to address both its 
biomass structure and composition and to develop an understanding of how 
inherent glucose release yields vary with genotype. Furthermore, interaction with 
the effects of pretreatment on ultimate glucose and biofuel yields also needs 
exploration. The relationships between variation in enzymatic saccharification yields 
and attributes such as cellulose, hemicellulose, and lignin contents, composition, 
and/or ultrastructure have yet to be established in detail. Analytical techniques, such 
as thermogravimetric analysis, have recently been shown to provide an opportunity 
for rapid characterization of woody biomass cell wall composition without the need 
for traditional wet chemistry (Serapiglia, Cameron et al. 2008), a limiting factor when 
performing analysis of this scale. Chapter 6 of this thesis focuses on determining how 
inherent saccharification yields (i.e. without biomass pre-treatment) relate to 
saccharification outcomes after the application of pretreatments and thus how a 
high inherent saccharification trait, as demonstrated in this experiment interacts 
with pretreatment severity and with the yield, energy, and greenhouse gas balance 
of a biofuel. For example, there is evidence that glucose yields in Salix can be 
increased up to 92% of the theoretical maximum using pretreatments such as steam 
explosion in conjunction with H2SO4 impregnation (Sassner, Galbe et al. 2005; 
Sassner, Martensson et al. 2008). It will be of considerable importance to establish 
the economic and environmental “tradeoffs” and synergies between an increased 
total glucan pool within willow feedstock, without regard to glucose accessibility, 
and a reduced cell wall recalcitrance in the feedstock.  
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The key results from this research indicate that:  
i) Accounting for variation in the accessibility of cell wall glucose should 
be part of formulating a complete lignocellulose biomass feedstock 
ideotype. Enzymatic saccharification yield is needed to complement 
traits such as biomass yield (see Chapter 3), photosynthetic rate, 
tolerance to biotic and abiotic stress, regrowth/viability over time, 
nutrient and water dynamics (see Chapter 3), and impact on 
biodiversity.  
ii) Future larger scale investigations in willow should aim to establish the 
degree of consistency in enzymatic saccharification yields between 
genotypes at plot, field, and across site levels. The degree of variation 
and consistency of enzymatic saccharification yields between a much 
broader range of genetic diversity (35 different genotypes 
encompassing >10 species in their pedigree) is addressed within 
Chapter 6.  
iii) Enzymatic saccharification is under some degree of genetic control. 
However, greater resolution of the four identified QTL is needed 
before candidate genes can be identified. 
iv) Consideration of the effects of crop optimization for enzymatic 
saccharification on pest and pathogen resistance, plantation viability 
over time, and whether predicted biomass yields determined here 
from field plots can be transferred into commercial practice should 
also be determined. Addressing these questions will allow optimized 
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genotype selection for the establishment of high ethanol yielding 
biomass plantations. 
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Chapter 5 Tension Wood: A Natural 
Route To Improving Lignocellulosic 
Biofuel Production From SRC Willow? 
5.1 Introduction 
Wood and cell wall structure (see section 1.3 and 1.6) can be altered in 
response to environmental factors such as gravity and resource availability (Pilate, 
Dejardin et al. 2004). Tension wood formation is a natural response in angiosperms 
to re-orientate stem growth towards the vertical. This tension wood is characterised 
by G-fibres that develop exclusively in negative orientation to the vector of 
gravitational stimulus and are formed on the “upper” side of the responding stem. G-
fibres contain a unique cell wall layer, internal to the secondary cell wall, termed the 
gelatinous layer (G-layer). The G-layer is comprised almost entirely of cellulose 
(88.6%) in Populus alba, with some evidence indicating xyloglucan as the major non-
cellulosic constituent (Nishikubo, Awano et al. 2007). However, little work has been 
performed to measure the chemical composition of ‘opposite’ wood, formed on the 
opposite (lower) side to tension wood in the reaction wood stems of angiosperms. 
Some previous work in conifers has provided evidence that opposite wood (to the 
gymnosperm compression wood) has the same chemical composition as normal 
wood (Timell 1973). 
Two major methods have been used for the experimental induction of 
tension wood; bending, with the most extreme induction being a loop of the stem, 
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and inclining of the stem, with restraint using an immobile support (Lafarguette, 
Leple et al. 2004; Paux, Carocha et al. 2005). The degree of induction by inclination 
at several angles has been tested, with 120º found to elicit the greatest amount of 
tension wood (Robards 1966). 
The compound 2, 6-dichlorbenzonitrile (DCB) is a cellulose synthesis inhibitor 
commercially used as a pre-emergence herbicide but has also been used as a tool for 
investigating cell wall assembly and stress (Hogetsu, Shibaoka et al. 1974; Anderson, 
Barnes et al. 2002; Somerville 2006; DeBolt, Gutierrez et al. 2007; Rajangam, Kumar 
et al. 2008). In Arabidopsis thaliana, DCB treatment to the cell wall has been shown 
to result in hyperaccumulation of AtCESA-6 at the sites of membrane/cell wall 
adhesion.  AtCESA-6 is a cellulose synthesis subunit, whose expression is specifically 
up-regulated during secondary cell wall synthesis. In the experiment with DCB 
treated Arabidopsis, its membrane mobility was inhibited, resulting in dwarf 
phenotypes (DeBolt, Gutierrez et al. 2007). DCB specifically binds to a microtubule-
associated protein, PttMAP-20, whose expression is also normally up-regulated 
during secondary cell wall synthesis in poplar (Rajangam, Kumar et al. 2008). Thus, 
DCB provides an opportunity to slow down or prevent secondary cell wall cellulose 
accumulation in a way that is the converse of the high cellulose accumulation that 
occurs via G-layer formation during tension wood production. 
Here, the willow variety “Olof” (Salix viminalis x Salix schwerinii) (of similar 
parentage to the K8 population – see section 4.3.1) was used in a three-month pot 
experiment, with the aim of modifying cell wall composition and structure within the 
stem. Trees were treated for 26 or 43-days with tension wood induction and/or with 
an application of the cellulose synthesis inhibitor 2, 6-dichlorobenzonitrile (DCB) that 
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is specific to secondary cell walls. Reaction wood (tension and opposite wood) was 
isolated by dissection from material that had received the 43-day tension wood 
induction treatment for subsequent analysis and saccharification in comparison with 
normal wood.  
The aim of the present work was to investigate possible routes to the 
modification of willow cell wall structure and composition which affect enzymatic 
saccharification. Increases in enzymatic saccharification yields achieved through 
changes in tree development would be independent of pretreatment and 
downstream processing methodologies (and the associated energy and 
environmental costs). Such knowledge may be used to further the development of 
sustainable, high-yielding dedicated crops for the optimised production of biofuels to 
substitute for fossil-based liquid fuels and to mitigate greenhouse gas (GHG) 
emissions from transport. 
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5.2 Materials & Methods  
5.2.1 Plant Material/Study Site/Experimental Design 
Cuttings of Salix viminalis x Salix schwerinii cultivar “Olof” (20 cm in length 
and 1-1.5 cm diameter) were grown in 12 litre pots containing 10 litres of growth 
media (1/3 medium vermiculite, 1/3 sharp sand and 1/3 compost - John Innes no. 2 
by volume) in a glasshouse under conditions of a 16-hour day (23°C) and an 8-hour 
night (18°C) for 91 days until harvested. Bamboo canes (2.7 metres) were used to 
provide support. During the first week after planting manual pruning of buds was 
applied so that each tree had only three stems in order to facilitate subsequent 
analysis of internal stem architecture.  
The 26-day treatment experiment consisted of four treatments with six 
independent biological replicates per treatment. For the two inclined treatments 
(tension wood and DCB+tension wood), plant pots were positioned at a 45° angle to 
the floor. All inclined trees were tied to bamboo canes at regular intervals up the 
stem using small adjustable tree ties to prevent the normal gravitropic response at 
the apical meristem. It is presumed that tree ties also served to displace the majority 
of the load stress onto the bamboo canes in the inclined trees (Jourez, Riboux et al. 
2001). Six vertically-orientated trees were also tied to vertical bamboo canes as 
controls, which confirmed that this physical manipulation did not affect normal 
growth in itself. Each DCB treated plant received a single application of one litre of 
58 µM DCB in 0.2 % DMSO solution, which applied 10 mg of DCB to the soil of the 
pot for each treated tree. These 24 trees were initially grown without treatment for 
Nick Brereton – Thesis 2010 
 
Page 
106 
 
  
65 days before any treatment was applied, with further growth being allowed for  a 
further 26 days before harvesting. 
The 26-day treatment experimental design consisted of four rows of six trees. 
As two of the treatments involved tilting the trees at 45°, a randomised design was 
not practical as trees which were tilted needed to be on the two lateral rows. 
However, because of the consistent environmental conditions in the glasshouse, it is 
expected that there was no spatial variation in the environmental or competitive 
effects on growth. Initially, each tree received 200 ml of water daily but this was 
increased to 400 ml daily after 50 days of growth. 
In order to isolate the reaction wood components of the stems, a further six 
trees were grown: three inclined at 45º (as above), used for the isolation of tension 
and opposite wood, and three grown without treatment, used for the isolation of 
“normal” wood. The growth conditions were similar to above except for the 
induction of tension wood 17 days earlier, resulting in a tension wood treatment 
time of 43 days. 
5.2.2 Sampling and Processing 
During harvesting, only above ground stem biomass was collected and the 
leaves were removed and discarded. A stem section (2cm) was removed from the 
midpoint of each stem and fixed in FAA (3.7% Formaldehyde/47% EtOH/5% Acetic 
Acid) for later sectioning and microscopy. For the 26-day treatments, the remainder 
of the stem material for all the trees was processed for compositional analysis and 
enzymatic saccharification (see below). For the 43-day treatments, all stem material 
from six trees was debarked and 2 cm longitudinal sections were cut (manually) from 
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the entire length of the stem. The longitudinal sections were taken from the tension 
wood and opposite wood sides in the three tilted trees and from an equivalent 
position in the control trees (see Figure 5-1).  
All the stem biomass was split, dried, cutter milled and sieved to produce 
material appropriate for enzymatic saccharification and compositional analysis as 
outlined in section 2.1.1.  
 
A B  
Figure 5-1 Diagram of the Transverse Sections Isolated to Represent Normal, 
Tension and Opposite Wood Fractions 
A Diagram of a transverse section of one of the three trees induced over 43 days by 
inclining. The two areas indicated (---) represent the isolated tension wood and 
opposite wood fractions. B Diagram of a transverse section of one of the three 
control trees grown with the 43-day treated trees. The single area indicated (---) 
represents isolated fraction equivalent to reaction wood. 
 
5.2.3 Sectioning, Staining and Microscopy 
 Transverse sections (15-20 µm thickness) of the midpoint stem 
samples from each of the six biological replicates for each of the 26-day treatments 
trees were cut using a Reichert sledge microtome. Staining was performed using 
aqueous Safranin O and Chlorazol Black (Robards and Purvis 1964) and permanent 
mounts on glass slides were made in DPX.  
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5.2.4 Enzymatic Saccharification 
Enzymatic saccharification was performed as described in NREL Enzymatic 
Saccharification of Lignocellulosic Biomass (Selig, Weiss et al. 2008) and outlined in 
section 2.1.4, with the exception that the amount of sample added to the assay was 
normalised by DM, 0.2 g, and the concentration of the cellulase enzyme mix was 
doubled (Brereton, Pitre et al. 2010). Enzymatic saccharification was repeated in 
triplicate (with a duplicate substrate blank) for each of the six trees of the control 
and three 26-day treatments: (i) tension wood, (ii) DCB and (iii) tension wood 
induced plus DCB.  Enzymatic saccharification of the isolated reaction wood material 
from each of the three 43-day treatments trees was performed with a single enzyme 
reaction and single substrate blank owing to the limited amounts of isolated material 
available.  
Glucose release is presented as a percentage of the original DM of the stem 
biomass and also back-calculated as a percentage of glucan within each reaction. 
When back-calculated the concentration of the cellulase mix was constant per total 
mass of biomass but not per weight of glucan due to variations in the glucan content 
between the biomass types. However, the concentration of cellulase enzymes used 
was considered to be non-limiting in the assay. Sugar quantification was performed 
using HPLC (see section 2.1.6). 
5.2.5 Compositional Analysis 
Cell wall composition analysis for all biological replicates was performed in 
accordance with NREL Determination of Structural Carbohydrates and Lignin in 
Biomass (Sluiter, Hames et al. 2008), using material extracted using an 
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ethanol/water mix in a Dionex Accelerated Solvent Extractor 300 under conditions 
described in NREL Determination of Extractives in Biomass (Sluiter 2005). 
Unaccounted for mass is recognised here as non-95% EtOH extractable “Other” 
(Sassner, Galbe et al. 2008; Guidi, Tozzini et al. 2009). Sugar quantification was 
performed using HPLC (see section 2.1.6). 
5.2.6 Data and Statistical Analysis 
Three factors of importance in defining biomass enzymatic saccharification 
potential are presented here: glucan content, glucose release as a proportion of 
glucan and glucose release as a proportion of DM. The glucan content is the tree’s 
absolute amount of cell wall glucan potentially available for fermentation into 
biofuels (e.g. bioethanol) and is presented as the mean amount of polymeric glucose 
within the cell wall of the six or the three trees used per treatment, expressed as a 
percentage of total biomass (includes extractables and Other). The glucose release (% 
glucan) is the proportion of glucose released from the glucan within the biomass and 
so provides an indication of the accessibility of that glucan to depolymerisation 
enzymes; hence, it is a measure of biomass recalcitrance to enzymatic 
saccharification. Glucose release (% DM) is a function of both the absolute glucan 
content and the accessibility of that glucan for each biological replicate, being the 
released glucose from a given weight (DM) of biomass.  
Means and standard errors (Mean ± SE) for each treatment were calculated 
from the six or three biological replicates. Analysis of variance (ANOVA) was 
performed for ten parameters using data from all 24 trees in the 26-day treatments 
experiment: total stem DM, percentage of glucan, xylan, arabinose, mannose, total 
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lignin, 95 % EtOH extractives and Other, glucose release (% DM) and glucose release 
(% glucan). Tukey’s post-hoc Honestly Significant Difference (HSD) test (Winer 1971) 
was performed for all parameters highlighted by ANOVA as significantly different, 
allowing pair-wise comparisons between each treatment. 
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5.3 Results 
5.3.1 Microscopic Observations 
A distinctive layer of tension wood was formed along the entire length of the 
stem on only the upper side (negatively orientated to the vector of gravitational 
stimulus, irrespective of horizontal bending of the stem) in all the tension wood 
induction trees. Successful induction of G-fibres for each of the six 26-day tension 
wood induction trees was observed with G-layer formation in the secondary xylem 
fibre cells at the mid-point of every stem (Figure 5-2 C). Representative micrographs 
of the 26-day treatments are given in Figure 5-2 (A-D). The formation of the G-layer 
within fibre cells occurred within a post-zone of between 4 to 9 cells medial in 
respect to the cambium (Figure 5-2 E). Safranin O staining also clearly highlighted 
that lignification (lignin polymerisation) of the secondary cell wall only occurred after 
the G-layers had already been assembled and after the apparent loss of the 
protoplast.  
In the 26-day DCB treated trees (Figure 5-2 B), a band of fibre cells unstained 
by Safranin O was visible and in marked contrast to the control stems (Figure 5-2 A). 
DCB plus tension wood 26-day induced trees did initially produce G-fibres, in the 
same manner as ‘standard’ 26-day tension wood induced trees without the DCB 
treatment, before the DCB took effect (Figure 5-2 D). This DCB effect arrested the 
production of G-layer formation and also of lignification, as revealed by Safranin O 
staining.  
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A B  
C D  
E  
Figure 5-2 Midpoint Transverse Sections 
Midpoint 20 µm transverse sections from the 26-day treatment groups stained in 1% 
Chlorazol Black E in methoxyethanol and 1% Safranin O (aqueous) of A) control tree, 
B) DCB treated tree, C) Tension wood induced tree and D) Tension wood induced 
DCB treated tree. Scale bar = 1mm. Tension wood is highlighted (↓). E) A region 
close to the cambium of a tension wood induced DCB treated tree. Scale bar = 100µm 
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5.3.2 Enzymatic Saccharification and Compositional 
Analysis 
Control trees from the 26-day treatments had a mean glucan content of 35.9 % 
(± 0.38) and a total lignin content of 26.5 % (± 0.3). The most abundant hemicellulose 
monomer was xylose at 10.8 % (± 0.25) (Table 5-1). For saccharification, their mean 
glucose release (% DM) yield was 10.2 % (± 0.27) with a mean glucose release (% 
glucan) yield of 28.6 % (± 0.78) (Figure 5-3).  
Table 5-1 Mean stem biomass composition 
Standard error shown in ( ), n = 6 for Control, Tension wood, DCB and DCB Tension 
Wood – 26-day treatments group, n = 3 for Debarked Control, Isolated Tension Wood 
and Isolated Opposite Wood – 43-day treatments group. Unaccounted for mass is 
recognised here as Other. Acid soluble lignin (ASL), acid insoluble lignin (AIL) and dry 
matter (D).  
 
 
 
95% EtOH 
Extractives 
% DM 
Glucan 
% DM 
Xylan 
% DM 
Galactan 
% DM 
Arabinan 
% DM 
Mannan 
% DM 
ASL 
% DM 
AIL 
% DM 
Other 
% DM 
 
Control 
8.3 
(0.7) 
35.8 
(0.4) 
10.8 
(0.3) 
3.0 
(0.2) 
2.7 
(0.5) 
2.0 
(0.2) 
4.3 
(0.1) 
22.3 
(0.3) 
10.9 
(1.0) 
Tension 
Wood 23 d 
7.4 
(0.4) 
37.4 
(1.0) 
10.7 
(0.5) 
3.0 
(0.1) 
2.7 
(0.4) 
2.0 
(0.2) 
4.2 
(0.2) 
22.2 
(0.5) 
10.4 
(1.4) 
 
DCB 23 d 
9.2 
(0.6) 
31.4 
(0.4) 
9.8 
(0.2) 
3.0 
(0.2) 
3.4 
(0.4) 
2.0 
(0.2) 
4.4 
(0.2) 
24.1 
(0.3) 
12.6 
(1.5) 
DCB 
Tension 
wood 23 d 
8.5 
(0.5) 
34.2 
(0.8) 
10.2 
(0.3) 
3.0 
(0.2) 
3.2 
(0.4) 
2.2 
(0.4) 
4.1 
(0.1) 
23.9 
(0.5) 
10.7 
(1.5) 
Debarked 
Control 
4.7 
(0.2) 
45.7 
(0.3) 
15.8 
(1.0) 
3.6 
(0.6) 
0.3 
(0.5) 
0.0 
4.3 
(0.10) 
19.0 
(0.5) 
6.2 
(2.6) 
Isolated 
Tension 
Wood 43d 
5.6 
(0.3) 
52.20 
(1.8) 
14.80 
(0.8) 
4.6 
(0.5) 
0.2 
(0.2) 
0.0 
3.8 
(0.1) 
17.1 
(0.3) 
1.7 
(2.1) 
Isolated 
Opposite 
Wood 43d 
8.7 
(2.8) 
39.8 
(1.3) 
16.3 
(0.5) 
3.1 
(0.4) 
0.0 0.0 
4.3 
(0.2) 
18.6 
(1.2) 
9.1 
(2.2) 
 
Significant variation was found within the glucan and total lignin contents and 
the glucose release (% DM) and glucose release (% glucan) saccharification results 
between the different treatments.  No significant variation from control was 
obtained between any of the 26 trees for total stem DM or for the percentage of 
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extractables, xylose, galactose, arabinose, or mannose. Tukey’s HSD post-hoc multi-
comparison test was performed in order to verify the significant difference between 
treatments and the results (α = 0.05) are indicated by letters in Figures 3 and 4.  
Tension wood induction significantly increased both the glucose release (% 
DM) and glucose release (% glucan) yields of the whole tree after 26-day induction 
treatments, compared with the controls, by 15% and 10% respectively (Figure 5-3). 
However, the 26-day tension wood induction treatment did not significantly affect 
any of the assayed elements of total stem composition when compared with control 
trees (Figure 5-4, Table 5-1).  
A B  
 
Figure 5-3 Enzymatic saccharification 
Control, tension wood induced, 2, 6-dichlorobenzonitrile (DCB) treated and tension 
wood induced DCB treated trees – 26-day treatments group (26d, n=6). Debarked 
control trees and isolated tension and opposite wood are also included for 
comparison – 43-day treatments group (43d, n=3). Glucose release as a A percentage 
of DM and B percentage of glucan. Error bars = 1 standard error. Tukey’s Honestly 
Significant Differences (HSD) (α = 0.05) is represented by the letters a, b, c, d, e and f. 
 
Quantitatively assaying the proportion of tension wood within an induced 
tree remains difficult. However, subsequent compositional analysis and enzymatic 
saccharification of isolated  G-fibre rich tension wood from the 43-day treatments 
trees did indeed reveal that, not only does tension wood contain increased levels of 
glucan compared with the debarked controls (14% increase in glucan content) but 
also that the accessibility of this glucan is also increased (viz a 38% increase in 
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glucose release % glucan) (Figure 5-3 B and Figure 5-4 A). Interestingly, the increase 
in accessibility in isolated tension wood is significantly less obvious when assessing 
the whole tree and the increase in glucan content is entirely lost (viz the 26-day 
treatments results). Analysis of the isolated opposite wood from the 43-day 
treatments also sheds light on this disparity as, conversely, it has a lower glucan 
content than debarked control stems (13% decrease in glucan content) but also less 
accessible glucan (a 46% decrease in glucose release % glucan). 
A B  
Figure 5-4 Composition 
Control, tension wood induced, 2, 6-dichlorobenzonitrile (DCB) treated and tension 
wood induced DCB treated trees – 26-day treatments group (n=6). Debarked control 
trees and isolated tension and opposite wood are also included for comparison – 43-
day treatments group (n=3). A Cell wall glucan as a percentage of DM and B Total 
lignin as a percentage of DM. Error bars = 1 standard error. Tukey’s Honestly 
Significant Differences (HSD) (α = 0.05) is represented by the letters a, b, c, d, e and f. 
 
The absence of alteration in the aggregated cell wall polymer contents 
between the 26-day tension wood induced whole trees and control trees is in 
marked contrast to DCB treated trees where significantly reduced glucan and 
increased lignin levels were found when compared with control trees (Table 5-1 and 
Figure 5-4). When glucose release yield was corrected for the reduced glucan 
present in DCB treated trees, there was still a considerable reduction of 37% in 
glucose release (% glucan) compared with control trees (Figure 5-3B).  
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The induction of tension wood formation in DCB 26-day treated trees led to a 
glucan content that was significantly increased, restoring it to levels not significantly 
different from control trees (Table 5-1 and Figure 5-4). Lignin levels remained higher 
than in control trees at levels not significantly different from the elevated levels 
found in DCB trees without tension wood induction. The glucose release (% glucan) 
also remained the same in DCB plus tension wood induced trees as in DCB treated 
trees without tension wood induction, indicating that, even though the glucan levels 
had been increased via the tension wood induction, the accessibility of that glucan 
was not restored to control tree levels (Figure 5-4 A).  
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5.4 Discussion 
The staining of transverse sections of the DCB plus tension wood induced 
trees allowed an insight into distinct elements of the cell wall. Both lignification and 
G-layer formation recovered some time after the period of DCB effect showing that 
the effect was transitory, presumably due to this being a concentration/depletion 
effect. Microscopic observations indicated that lignification recovered before the 
recovery of G-layer formation (Figure 5-2 E). As tension wood formation can occur 
between 24 and 48 hours after a sufficient induction stimulus (Jourez and Avella-
Shaw 2003) a rough cell count comparison between the 26-day treatments tension 
wood induced trees with and without DCB suggests that the DCB took around 10 
days to begin to affect development at the cambium (of what would be the mid-
point of the stem after 91 days of growth). Using the same indicators, it is estimated 
that the DCB effect lasted approximately 12 days. This information could be used to 
time DCB treatments in such experiments and allow construction of a useful tool to 
induce various phenotypes of value in lignocellulosic biofuel research. 
5.4.1 Enzymatic Saccharification and Compositional 
Analysis 
As stated previously, glucose release (% DM) illustrates the saccharification 
potential of the total stem biomass by combining the effects of both the absolute 
glucan content within the biomass and the enzymatic accessibility of that glucan. 
Because of its unique informative value, glucose release (% DM) can then be used in 
conjunction with biomass yield, required nutrient and water input and response, 
pest resistance, post-harvest viability, plantation longevity etc., as part of a complete 
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ideotype for lignocellulosic biofuel assessment. However, it has yet to be established 
what the impact of any of the contemporary pretreatments will have on the 
influence of the two factors, glucan content and glucose release (% glucan), on 
glucose release (% DM) and on the energy required to achieve optimal glucose (or 
other carbohydrates) yields. 
Although the composition was relatively stable between the six biological 
replicates of the 26-day control trees it should be remembered that this composition 
is for juvenile trees grown in the glasshouse conditions of this pot trial. 
5.4.2 Tension Wood 
The increased glucan accessibility in the absence of significantly different 
levels of any cell wall polymers suggests that the large increase in G-layer formation, 
clearly visible through microscopy (Figure 5-2 C), contain a more accessible glucan. 
The 26-day treatment, although long enough to influence glucose release yields, was 
a comparatively short portion of the 91 days total growth. More prolonged or acute 
tension wood induction has been shown to produce high glucan–low lignin 
phenotypes (Robards and Purvis 1964; Timell 1969) but it is believed that by 
reducing the induction time of tension wood here it has been revealed how glucose 
release can be increased for a whole tree without altering biomass yield in 
comparison with controls.  
It was surprising to see such a stark difference between opposite wood and 
normal wood. This is in contradiction to opposite wood analysis performed by Timell 
(1973), albeit on gymnosperms, where no difference from normal wood composition 
was observed. It is hypothesised here that the less favourable composition and 
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accessibility of opposite wood acts to severely counteract the beneficial effects on 
saccharification yields for the tension wood material. The degree of asymmetric 
growth, visible with tension wood induction, and hence the ratios of the tension 
wood to opposite wood fractions is of significant importance when looking at effects 
on saccharification yields at the  whole tree level.  
Debarked control trees were used as a comparison as isolated reaction wood 
would not be comprised of any bark. By comparing the control trees from the 26-day 
treatments and the debarked control trees from the 43-day treatments the impact of 
bark on the analysis can be seen. Debarking results in biomass with a decrease in 
lignin, an increase in glucan and its accessibility and, consequently, an increase in 
glucose release (% DM) by 55% (Figure 5-3 A). This composition difference concurs 
with previous findings by Serapiglia et al. (2009) that bark has a lower glucan 
composition (and higher lignin composition) than debarked wood. 
5.4.3 DCB 
The most radical changes in cell wall composition were observed in DCB 
treated trees. These compositional changes not only show that DCB treatment 
successfully resulted in inhibition of secondary cell wall cellulose accumulation 
(reduced glucan), as seen in many non-woody species (Hogetsu, Shibaoka et al. 1974; 
Anderson, Barnes et al. 2002; Somerville 2006; DeBolt, Gutierrez et al. 2007; 
Rajangam, Kumar et al. 2008), but that the glucan within that cell wall is also less 
accessible to enzymatic saccharification. Plants treated with 0.2 % DMSO as controls 
for the DCB treatments showed no variation in growth from control plants other 
than slight discolouration at the leaf edges. It should be noted that the substantial 
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effects of the DCB and the tension wood induction treatments on the cell wall 
composition did not impact biomass yields over the 91 days of growth. 
5.4.4 Tension Wood and DCB 
It has been proposed that the available glucose pool is the limiting factor in 
cell wall cellulose synthesis instead of the cellulose synthesis machinery itself 
(Andersson-Gunneras, Mellerowicz et al. 2006). As DCB treated trees had reduced 
glucan content, the available glucose pool, of which starch is the major non-
permanent glucose storage molecule, might be increased and so it is interesting that 
tension wood induction led to a much greater increase in glucan levels in DCB 
treated trees when compared with control trees. The primary role of the glucose 
pool in tension wood formation is also corroborated by large increases in transcript 
levels of sucrose synthases (SUS1 and SUS2) during tension wood formation 
(Andersson-Gunneras, Mellerowicz et al. 2006; Geisler-Lee, Geisler et al. 2006). It 
can be hypothesised that this allows the necessary increase in allocation of carbon to 
the site of tension wood formation by mediating increased glucose partitioning from 
starch to sucrose (the trees primary carbon transport molecule). The inability of 
tension wood induction to significantly increase whole tree glucan levels due to a 
depleted/limited accessible glucose pool in control trees could be due to their 
extremely rapid growth. This may give rise to photoassimilate limitation of growth 
owing to the controlled conditions and very high nutrient and water inputs 
compared with field conditions. 
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5.4.5 Lignin  
Interestingly, the role of lignin in the accessibility of the cell wall to degrading 
enzymes seems dissimilar between willow from the tension wood inductions and 
DCB treatments.  
In DCB treated trees with induced tension wood, despite glucan levels being 
restored to those of control trees, lignin levels were also much higher than in control 
trees. In this case, cell wall glucan accessibility was greatly reduced suggesting that 
lignin levels may influence cell wall recalcitrance to enzymatic saccharification.  
In contrast in tension wood induced trees, the lignin content was not 
significantly different from controls, at a whole tree level (26-day inductions), but 
glucose release (% glucan) yields were significantly elevated suggesting that overall 
lignin levels do not play a strong role in influencing the glucan accessibility (Figure 
5-3, Figure 5-4, Table 5-1). This is further supported by the isolated reaction wood 
fractions (43-day inductions) where opposite wood had the same lignin content as 
normal wood controls yet had significantly reduced glucan accessibility. These results 
suggest that lignin is not always a significant factor in glucan accessibility to 
enzymatic saccharification. 
Although tension wood induction did not produce a whole tree, low lignin 
phenotype, this is believed to be due to the short period of induction. Isolation of 
the tension wood did indeed show this fraction to have reduced lignin. Much of the 
current research, with the goal of developing high sugar yielding phenotypes for 
biofuels, has focused on interrupting lignin biosynthesis pathways (Ragauskas, 
Williams et al. 2006; Sticklen 2006; Chen and Dixon 2007; Li, Weng et al. 2008; Weng, 
Li et al. 2008). The shifts in transcript levels during tension wood formation have 
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been investigated (Andersson-Gunneras, Mellerowicz et al. 2006) and would seem to 
provide an insight into potentially fruitful targets to modify aspects such as lignin 
biosynthesis to produce low lignin phenotypes. As much of the regulation of lignin 
synthesis and the physiological role of lignin within the cell wall are still unclear, 
examination of extreme variant phenotypes, representing natural metabolic 
plasticity, present a profitable research opportunity whilst not compromising plant 
integrity in commercial application. 
5.4.6 The Impact of Cell Wall Modification at a 
Developmental Level 
The aim of this work was to modify cell wall composition and enzymatic 
saccharification at the whole stem level. This was successfully achieved in the 26-day 
treatments whilst maintaining above-ground biomass yields through the induction of 
G-fibres and the interruption of cellulose synthesis. Disparate effects on the 
enzymatic saccharification of willow biomass (glucose release % DM) are revealed by 
using two different treatments affecting the cell walls in different manners. DCB 
effectively decreased secondary cell wall glucan accessibility and content. Tension 
wood induction instigated the assembly of a unique cell wall layer which increases 
glucan content and accessibility. These findings further demonstrate that optimal 
selection traits in biomass feedstocks for lignocellulosic biofuel need to include not 
only biomass yield but also biomass composition and cell wall accessibility to 
enzymatic digestion. 
The present study used a single cultivar “Olof” , however the Salix genus 
contains vast genetic and phenotypic diversity (Argus 1997) which has not been 
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investigated in detail for cell wall accessibility to enzymatic digestion. Further work 
should assess the occurrence and induction characteristics of tension wood across 
this broad natural variation to expand the potential understanding of cell wall 
construction, functionality and conversion. In this study extreme phenotypes in cell 
wall accessibility were induced. It has yet to be established whether the roles 
suggested here, for how glucan and lignin content impact on glucose release yields, 
are maintained in naturally occurring phenotypes and how tension wood induction 
approaches may affect biomass yields in field grown material. Both of these aspects 
are necessary to explore before these findings can be applied to the breeding of 
biofuel willows.  
5.4.7 Conclusions 
The important findings in this study were: 
i) Using tension wood induction and/or DCB treatment glucan content, 
lignin content and enzymatic saccharification yields were all altered 
without loss of total stem biomass yield. This indicates that enzymatic 
saccharification yield can be enhanced by such alterations to cell wall 
structure as well as by alterations to absolute contents of either 
glucan or lignin. 
ii) Tension wood induction in the Willow cultivar “Olof” led to significant 
increases in glucose yields via enzymatic saccharification in 
comparison with control trees. The results demonstrate that 
induction of naturally occurring phenotypes in biomass to achieve 
significantly enhanced glucose yields provides one avenue to 
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minimising the energy and environmental impacts from lignocellulosic 
pretreatment technologies. The impact of compositional and 
enzymatic saccharification variation on pretreatment is addressed in 
the following chapter (See Chapter 6). 
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Chapter 6 The Influence of Cell Wall 
Composition and Accessibility on Biofuel 
Potential within the Genus Salix 
6.1 Collaborators 
This work was performed in equal collaboration with Dr. Michael J Ray. 
6.2 Introduction 
In the production of liquid fuels from lignocellulosic feedstocks, reduction of 
pretreatment severity is important to both the economic (Lynd, Elander et al. 1996; 
Wyman 2007; Yang and Wyman 2008) and environmental (Kim and Dale 2005) 
viability of the whole process. Reduction of severity is necessary in order to reduce 
the energy expenditure and environmental impact of pretreatment and also for 
potentially reducing the production of fermentation inhibitors, such as furfural and 
hydroxymethylfurural (HMF), formed during severe pretreatment conditions 
(Palmqvist, HahnHagerdal et al. 1996; Larsson, Palmqvist et al. 1999; Cantarella, 
Cantarella et al. 2004). 
Pretreatment of willow has been investigated using dilute acid and steam 
pretreatments (Eklund, Galbe et al. 1988; Eklund, Galbe et al. 1995; Palmqvist, 
HahnHagerdal et al. 1996; Sassner, Galbe et al. 2005; Sassner, Galbe et al. 2006; 
Sassner, Martensson et al. 2008). Current research at Imperial College developing 
novel pretreatment techniques with fungi and ionic liquids have been evaluated with 
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willow, resulting in varying degrees of success (Brandt, Hallett et al. 2010; Ray, Leak 
et al. 2010).  
Previous experiments (see Chapter 4) have established that there was 
variation in glucose yields from enzymatic saccharification of unpretreated biomass 
from a willow mapping population. However, Salix is a vastly diverse genus and the 
degree of variation over a broader spectrum of genotypes is needed. Secondly, the 
glucose yields achieved in the enzymatic saccharification of these trees was 
proportionally low, compared to the theoretical maximum, owing to the lack of 
pretreatment of the biomass.  
Previous experiments (Chapter 5) have also established that changes in 
enzymatic saccharification glucose yield can be due to different cell wall structure as 
well as just absolute cell wall sugar or lignin content. However, to observe these 
differences it was necessary to induce extreme phenotypes in a controlled artificial 
environment very different from commercial/field growth conditions. 
 
6.2.1 Aims 
To address these shortfalls this experiment was designed to: i) investigate 
natural variation in composition and enzymatic saccharification of unpretreated 
biomass from 35 different genotypes of willow, ii) to assess the degree to which the 
compositional elements assessed affect enzymatic saccharification of unpretreated 
biomass, iii) to investigate natural variation in efficacy of pretreatment between the 
different genotypes of willow, iv) to identify any relationships between: composition 
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before pretreatment, enzymatic saccharification before pretreatment, composition 
after pretreatment and enzymatic saccharification after pretreatment (Figure 6-1). 
To achieve these aims a clear chain of analysis throughout the pretreatment 
process chain was devised (Figure 6-1). By analysing pre- and post-pretreatment 
biomass, as well as comprehensive mass closures at each step, the fates of all 
compositional elements and the efficiencies of glucose release at each stage can be 
calculated.  
 
Figure 6-1 Analytical Process Chain Diagram showing all the steps and fractions 
analysed in the experiment. 
Glucan composition was assessed and used to normalise enzymatic 
saccharification in order to differentiate glucan accessibility and content. A non-
optimal pretreatment was developed and used in place of optimal pretreatments in 
order to determine variation in pretreatment efficacy as opposed to variation being 
solely defined by composition alone (eg. highest glucan content). If glucose yields 
after a non-optimal pretreatment vary between genotypes then it is proposed that 
equivalent glucose yields could be achieved in some genotypes by using a 
pretreatment of reduced severity.  
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Identification of the genotypes which outperform others in response to the 
non-optimal pretreatment used here, and the reasons why they outperform others, 
could lead to important advances into reduction of pretreatment severities or the 
identification of genotypes that are better suited as feedstocks for lignocellulosic 
biofuel production. This would also impact on the overall net energy balance and 
environmental profile leading to a more sustainable lignocellulosic biofuel process. 
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6.3 Materials and Methods 
6.3.1 Plant Material and Growth Conditions 
The SRC willow trees were grown at Rothamsted Research as a reference trial 
and were harvested at the end for their second harvest cycle, at which point the 
stems were three years old. The pedigree of genotype is listed below and cultivar 
names provided, where appropriate: 
Table 6-1 Population Pedigree 
1. Bjorn S. schwerinii Wolf (L79069) x S. viminalis L. (Orm) 
2. Tora  S. schwerinii Wolf (L79069) x S. viminalis L. (Orm) 
3. Corail S. triandra L. x viminalis L. 
4. Tordis  S. schwerinii x viminalis L. (Tora) x S. vim. x vim. (Ulv) 
5. Orm  S. viminalis L.  (L78195) x vim. L. (L78101) 
6. Loden  S. dasyclados (86) x S.burjatica (88) 
7. Jorr S. viminalis L. (L820332) x S. vim. L. (L81102) 
8. Ulv  S. viminalis L. (Rot 7) x vim. L. (L81102) 
9. Astrid S. viminalis L. (L810203) x vim. L. (L81102) 
10. Korso S. burjatica Nasarov 
11. Stott 10 S. viminalis L. (Bowles Hybrid) x S. burjatica Nasarov (Korso) 
12. Bowles Hybrid S. viminalis L. 
13. Olof  S. viminalis L. (Bowles Hybrid) x S. scherinii x vim (Bjorn) 
14. Endurance S. rehderiana Schnied. x S. dasyclados Skv. (77056) 
15. Discovery  S. schwerinii x S. schwerinii x vim. (Bjorn) 
16. Resolution  S. vim. X vim. X S. schwer. X vim  SW930812 (Jorunn x bjorn) x S. vim x S. vim x scher. (Quest) 
17. Terra Nova  S. triandra L. x viminalis L. (S. mollissima , LA940140) x S. miyabeana L. (Shrubby willow ex. China) 
18. Nimrod  S. schwerinii x viminalis L. (Tora) x S. miyabeana L. (Shrubby willow ex. China) 
19. Quest  S. schwerinii (Pavainen E7899) x S. schwer. x vim. (Bjorn) 
20. LA980289 S. schwerinii x viminalis x smithiana x S. vim (Jorr) 
21. SW870084 S. viminalis L. x vim. L. (sibling of Orm [SW870082] & Rapp [SW870083]) 
22. SW930984  S. viminalis (Astrid) x S. schwerinii x S. vim (Bjorn) 
23. Shrubby willow  S. miyabeana 
24. K3 Hilliers S.schwerinii Wolf  
25. S. dasyclados  S. dasyclados Skv.  
26. Schneid S. rehderiana Schneid 
27. K8-088 (S3) x (R13) 
28. K8-443 (S3) x (R13) 
29. L78195 S. viminalis L. 
30. K8-428 (S3) x (R13) 
31. Baldwin S. triandra L.  
32. L78101 S. viminalis L. 
33. Sven  S. viminalis L. (Jorrun) x S. vim. X scherinii Wolf (Bjorn) 
34. Asgerd  S. viminalis (Astrid) x S. schwerinii x S. vim (Bjorn) 
35. Torhild  S. schwerinii x viminalis L. (Tora) x S. vim. X vim. (Orm) 
36. S3 S. viminalis (Astrid) x S. vim. (Astrid) x S. schwer. X S. vim. (SW930984) 
37. R13 S. viminalis (Astrid) x S. vim. (Astrid) x S. schwer. X S. vim. (SW930984) 
38. Gundrun S. dasyclados (SW901246, Helga) Russian x S. dsayc. (SW900609, LV Rod) 
39. L81102 S. viminalis L. 
40. L810203 S. viminalis L. 
The experiment was a randomised complete block design with three 
replicates of genotypes 1-37. Genotypes 38 – 40 were single replicates, one adjacent 
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to each of the blocks. Each plot consisted of 24 trees with six from the centre 
destined to be harvested for yield. One tree per plot from those six was randomly 
selected from each of the 35 genotypes included in this analysis. Two genotypes (10, 
Korso and 24, K3 Hilliers) grew poorly and were excluded. The number and length of 
all the stems on a tree was measured as well as the diameter of each stem at its base 
and at breast height (1.3 m). Two 20 cm long sections were then cut from every stem 
in a tree, one from the base up and the other at breast height (1.3m). This sampling 
strategy was based upon previous work performed by Dr. Michael J. Ray (data not 
shown). All the stem sections of a tree were then pooled for all further analysis. 
Biomass yield data was provided by Dr Ian Shield at RRes. 
6.3.2 Sample processing 
All stem sections were split longitudinally and air dried over three days prior 
to grinding. Sample grinding and meshing was performed in accordance with the 
NREL protocol for Preparation of Samples for Compositional Analysis (Hames, Ruiz et 
al. 2008) which is briefly outlined in section 2.1.1. 
6.3.3 Compositional Analysis 
Ethanol (95 %) extractions and compositional analysis was performed on 
samples in accordance with the NREL protocols for the Determination of Extractives 
in Biomass (Sluiter 2005) and the Determination of Structural Carbohydrates and 
Lignin in Biomass (Sluiter, Hames et al. 2008) as outlined in section 2.1.5. Sugars, 
HMF, furfural and acetic acid concentrations were analysed by HPLC in accordance 
with the NREL protocol the Determination of Sugars, By-products, and Degradation 
Products in Liquid Fraction Process Samples (Sluiter, Hames et al. 2006). 
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6.3.4 Enzymatic Saccharification 
Enzymatic saccharification was performed on either untreated or pretreated 
biomass in accordance with the NREL protocol for the Enzymatic Saccharification of 
Lignocellulosic Biomass (Selig, Weiss et al. 2008) as outline in section 2.1.4. Glucose 
concentrations were analysed by HPLC (see section 2.1.6) 
6.3.5 Pretreatment 
The ASE 200 can be used in place of traditional Soxhlet equipment for the 
extraction of biomass due to the controlled application of a selected solvent under 
defined pressure, temperature and time (see section 2.1.5). This control over 
pressure, temperature and incubation time made it ideal as a method for the 
pretreatment of this number of biomass samples at the lab scale. Conditions for the 
non-optimal pretreatment used here were selected after small scale trials conducted 
on the genotypes Bowles Hybrid and Tora (data not shown). Three grams of 
untreated biomass from each genotype were subjected to 0.25 % H2SO4 (w/w) 
solvent at 180°C temperature and 500 psi for 10 minutes static incubation time (+ 9 
minute warm up stage) within 33 ml stainless steel cells. After 10 minute static 
incubation cells were flushed and the hot liquid fraction separated into collection 
vials. Solid samples were air dried overnight after each pretreatment before 
moisture content was reassessed and mass losses calculated. 
6.3.6 Statistical Analysis 
GenStat® (GenStat® 2008) was used to explore correlation coefficients 
between genotypes for all morphological, pre- and post-pretreatment compositional 
and enzymatic saccharification traits. The magnitude of correlation coefficients is 
expressed qualitatively using the Cohen scale (Cohen 1988; Lamoreux, Morrison et al. 
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2006; Tirol-Padre and Ladha 2006; Narusaka, Abe et al. 2007; Abe, Ohnishi et al. 
2008; Soulsbury 2010) where 0.1 – 0.3 = weak, 0.3 – 0.5 = moderate, 0.5 – 0.7 = 
strong and 0.7 – 0.9 is very strong. As the scale is subjective the exact correlation 
coefficient values and their significance (p-values) are given.
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6.4 Results 
6.4.1 Biomass/morphological traits 
A number of morphological traits were assessed for each tree (Figure 6-2). 
Significant variation was observed within the population of 35 genotypes for all 
these traits (p = 0.05, ANOVA F-test). The largest average number of stems in a tree 
was in L78195 with 19.00 stems and the smallest was in Discovery with 3.67 stems. 
The lengths and diameters (at breast height, 130 cm) of these stems also varied, with 
the largest being Resolution with an average diameter of 1.64 cm and length of 
458.2 cm. The smallest average diameter was in Baldwin, at 0.69 cm and the smallest 
average length was in Shrubby Willow at 217.7 cm. Total volume, calculated by 
treating the stem as two frustum cones, correlated well with the actual biomass 
yields (see Appendix Table 1). For example, the highest total volume was in 
Endurance, at 6089 cm3, and lowest in Baldwin, at 1585 cm3, which was reflected in 
the actual biomass yields for each tree, as recorded by Rothamsted Research.  
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A  
B C
D E
F G  
Figure 6-2 Biomass yield and morphological traits 
Genotype means for A mean recorded stem biomass yields (t DM ha-1 yr-1), B stem 
number, C total volume, D total diameter (taken at 1.3 m) E average diameter (taken 
at 1.3 m), F total length and G average length. Standard error is shown (n = 3, except 
for Genotypes highlighted in red, where n < 3 trees). 
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6.4.2 Compositional Analysis of Extracted Biomass 
Seven individual plots were selected at random for compositional analysis in 
triplicate in order to assess technical variation within the assay. ASL and AIL 
assessment was highly reproducible in the seven plots with standard errors ranging 
from 0.00 and 0.64 %. Sugar assessment showed more variability with the greatest 
amount of technical variation seen in glucan content, with standard error ranging 
from 0.49 to 2.13 %. Mass closure was relatively consistent in the seven plots tested, 
with means of around 94 %, however there was substantial technical variation with 
standard error ranging from 1.08 to 2.41 %. 
Significant variation was observed within the population of 35 Genotypes (p = 
0.05, ANOVA F-test) for extractives, glucan, xylan, arabinan, hemicellulose, acid 
soluble lignin, acid insoluble lignin and total lignin. Galactan, mannan, total sugar, 
ash content and total mass balance showed no significant variation between the 35 
Genotypes. The highest amount of glucan was seen in Baldwin and the lowest in K8-
428 (Table 6-2), at 41.79 % and 32.82 % of untreated DM respectively. The total 
lignin content ranged from 28.81 % of untreated DM, in Nimrod, to 23.88 % of 
untreated DM in Endurance. By far the most abundant hemicellulose was xylan 
ranging from 15.01 % of untreated DM in L78191 to 12.11 % of untreated DM in 
Corail. 
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Table 6-2 Composition analysis of untreated biomass 
Genotype Mean composition as a percentage DM with Standard error shown in brackets (n = 3). Acid soluble lignin (ASL), acid insoluble lignin (AIL).  
Genotype Extractives Glucan Xylan Galactan Arabinan Mannan Hemicellulose Total Sugars ASL AIL Total Lignin Ash Mass Balance 
1. Bjorn 8.45 (0.84) 41.10 (1.14) 14.33 (0.85) 3.27 (0.14) 0.46 (0.25) 2.05 (0.85) 20.12 (1.18) 61.21 (2.30) 4.88 (0.11) 20.04 (0.47) 24.92 (0.36) 0.20 (0.10) 94.79 (1.63) 
2. Tora 8.37 (0.82) 38.56 (1.20) 13.8 (0.57) 3.01 (0.05) 1.88 (0.11) 2.40 (0.21) 21.09 (0.82) 59.65 (1.92) 4.90 (0.08) 20.97 (0.13) 25.87 (0.21) 0.00 (0.00) 93.89 (1.19) 
3. Corail 9.67 (2.01) 40.63 (1.36) 12.43 (0.98) 3.65 (0.05) 3.84 (1.61) 2.42 (0.26) 22.33 (2.55) 62.96 (3.28) 4.67 (0.1) 19.85 (0.05) 24.53 (0.09) 0.31 (0.18) 97.46 (1.57) 
4. Tordis  8.94 (0.76) 39.01 (0.89) 14.00 (0.55) 3.09 (0.09) 2.91 (1.32) 3.41 (0.62) 23.41 (1.32) 62.42 (1.19) 4.78 (0.04) 20.94 (0.54) 25.71 (0.58) 0.10 (0.10) 97.17 (2.23) 
5. Orm  10.50 (0.70) 38.69 (0.67) 14.58 (0.16) 2.79 (0.25) 1.60 (0.23) 2.52 (0.08) 21.48 (0.49) 60.17 (1.13) 5.17 (0.19) 19.69 (0.19) 24.86 (0.31) 0.10 (0.10) 95.64 (1.22) 
6. Loden  10.45 (0.70) 39.43 (1.35) 13.63 (0.54) 3.16 (0.12) 3.07 (0.83) 2.53 (0.10) 22.39 (1.46) 61.82 (0.91) 4.55 (0.03) 19.81 (0.65) 24.36 (0.67) 0.00 (0.00) 96.63 (0.90) 
7. Jorr  10.07 (0.69) 39.03 (0.47) 14.02 (0.47) 3.35 (0.22) 0.94 (0.12) 2.46 (0.95) 20.77 (0.40) 59.80 (0.42) 5.01 (0.18) 20.28 (0.49) 25.29 (0.36) 0.20 (0.10) 95.36 (0.68) 
8. Ulv  8.47 (0.17) 39.72 (0.69) 14.18 (0.29) 3.05 (0.22) 1.27 (0.48) 2.19 (0.44) 20.69 (1.05) 60.41 (1.64) 5.31 (0.04) 20.24 (0.25) 25.54 (0.25) 0.00 (0.00) 94.43 (1.88) 
9. Astrid  8.77 (0.72) 38.48 (1.34) 13.93 (0.80) 2.87 (0.07) 2.14 (0.91) 2.57 (0.28) 21.52 (1.32) 60.00 (2.02) 5.10 (0.10) 20.27 (0.44) 25.37 (0.35) 0.41 (0.10) 94.54 (1.34) 
11. Stott 10 10.57 (1.22) 39.44 (1.56) 12.80 (0.58) 3.22 (0.27) 1.34 (0.32) 2.40 (1.02) 19.75 (1.58) 59.19 (3.14) 4.77 (0.16) 21.47 (0.41) 26.23 (0.53) 0.00 (0.00) 95.99 (2.31) 
12. Bowles Hybrid 10.54 (1.42) 39.12 (0.52) 12.56 (0.56) 3.35 (0.08) 1.76 (0.05) 1.85 (0.37) 19.53 (0.83) 58.65 (1.35) 4.64 (0.19) 19.87 (0.25) 24.52 (0.36) 0.20 (0.10) 93.90 (0.25) 
13. Olof  9.94 (0.53) 40.40 (0.86) 13.21 (0.43) 2.81 (0.14) 1.32 (0.39) 1.68 (0.26) 19.01 (0.61) 59.41 (1.44) 4.65 (0.05) 21.01 (0.40) 25.66 (0.35) 0.10 (0.10) 95.11 (1.16) 
14. Endurance  11.13 (0.94) 40.45 (2.04) 13.55 (0.72) 3.03 (0.17) 0.80 (0.28) 1.54 (0.33) 18.93 (0.84) 59.37 (2.87) 4.93 (0.02) 18.95 (0.16) 23.88 (0.14) 0.30 (0.30) 94.69 (2.14) 
15. Discovery  11.14 (0.36) 36.76 (0.88) 12.99 (0.23) 3.21 (0.08) 2.24 (1.08) 2.57 (0.96) 21.00 (1.40) 57.76 (1.33) 4.42 (0.06) 21.23 (0.30) 25.65 (0.33) 0.10 (0.10) 94.65 (0.90) 
16. Resolution  9.60 (1.00) 37.31 (0.74) 13.72 (0.45) 2.49 (0.33) 1.73 (0.29) 1.85 (0.38) 19.79 (0.35) 57.09 (1.09) 4.69 (0.06) 21.18 (0.37) 25.88 (0.39) 0.30 (0.18) 92.87 (0.28) 
17. Terra Nova 8.34 (1.36) 37.31 (0.43) 12.63 (0.48) 2.97 (0.26) 1.05 (0.33) 1.76 (0.61) 18.42 (1.01) 55.72 (1.42) 5.18 (0.06) 22.81 (0.09) 27.99 (0.15) 0.31 (0.18) 92.35 (0.49) 
18. Nimrod  9.03 (0.59) 38.91 (0.96) 12.96 (0.40) 3.28 (0.16) 1.08 (0.49) 1.68 (0.71) 19.00 (0.77) 57.90 (1.18) 4.94 (0.19) 23.87 (1.47) 28.81 (1.28) 0.61 (0.18) 96.35 (2.04) 
19. Quest  10.69 (0.93) 36.21 (1.39) 13.77 (1.22) 2.91 (0.75) 1.07 (0.44) 1.59 (0.24) 19.34 (2.23) 55.56 (3.54) 4.73 (0.04) 20.73 (0.27) 25.46 (0.23) 0.20 (0.10) 91.91 (2.53) 
20. LA980289 6.74 (1.41) 39.66 (0.98) 15.24 (0.78) 3.33 (0.14) 1.24 (0.16) 2.82 (0.78) 22.63 (0.86) 62.29 (1.61) 4.96 (0.07) 22.70 (0.78) 27.67 (0.83) 0.21 (0.21) 96.91 (1.74) 
21. SW870084 7.90 (0.46) 40.29 (1.62) 14.97 (0.76) 3.21 (0.02) 1.29 (0.20) 1.67 (0.47) 21.15 (1.13) 61.44 (2.39) 5.02 (0.12) 20.68 (0.46) 25.69 (0.56) 0.00 (0.00) 95.02 (2.54) 
22. SW930984 10.37 (0.78) 36.50 (0.26) 13.72 (0.35) 3.38 (0.24) 1.05 (0.36) 1.55 (0.40) 19.69 (0.35) 56.19 (0.19) 5.08 (0.15) 21.23 (0.94) 26.31 (0.86) 0.20 (0.10) 93.07 (0.10) 
23. Shrubby willow  12.31 (1.55) 36.23 (0.68) 12.82 (0.42) 3.03 (0.31) 3.47 (1.55) 2.38 (0.66) 21.70 (1.87) 57.93 (1.22) 4.83 (0.12) 19.48 (0.19) 24.30 (0.29) 0.10 (0.10) 94.65 (2.43) 
25. S. dasyclados 11.54 (0.77) 38.05 (1.85) 13.58 (0.85) 3.12 (0.27) 1.18 (0.18) 2.42 (1.41) 20.30 (1.87) 58.35 (3.69) 4.61 (0.02) 20.63 (0.36) 25.25 (0.34) 0.10 (0.10) 95.23 (2.61) 
26. Schneid 14.39 (0.50) 36.17 (1.40) 12.32 (0.42) 2.59 (0.25) 1.65 (0.25) 1.02 (0.23) 17.57 (0.87) 53.74 (2.14) 4.57 (0.13) 19.78 (0.59) 24.35 (0.48) 0.29 (0.00) 92.76 (1.74) 
27. K8-088 7.33 (0.54) 38.13 (1.67) 15.02 (1.11) 3.16 (0.40) 1.24 (0.18) 3.27 (0.50) 22.69 (2.05) 60.81 (3.61) 4.95 (0.10) 22.14 (0.34) 27.09 (0.38) 0.00 (0.00) 95.24 (3.31) 
28. K8-443 9.20 (1.32) 35.91 (0.04) 13.62 (0.37) 3.21 (0.12) 1.21 (0.12) 1.33 (0.23) 19.38 (0.25) 55.28 (0.24) 5.01 (0.08) 22.30 (0.38) 27.31 (0.31) 0.30 (0.00) 92.10 (0.87) 
29. L78195 8.99 (0.50) 36.42 (0.22) 14.95 (0.18) 2.59 (0.45) 2.81 (1.01) 2.56 (0.45) 22.91 (1.68) 59.32 (1.83) 4.98 (0.18) 20.53 (0.09) 25.51 (0.26) 0.10 (0.10) 93.93 (1.62) 
30. K8-428 10.25 (1.47) 34.78 (1.27) 13.08 (0.96) 3.78 (0.41) 1.51 (0.05) 3.00 (0.93) 21.37 (1.81) 56.15 (3.01) 5.17 (0.04) 21.93 (0.24) 27.10 (0.28) 0.40 (0.11) 93.91 (2.88) 
31. Baldwin 6.26 (0.58) 41.79 (0.67) 14.14 (0.47) 2.60 (0.57) 1.46 (0.62) 1.59 (0.53) 19.79 (0.79) 61.58 (1.17) 5.29 (0.04) 20.31 (0.25) 25.60 (0.22) 0.11 (0.11) 93.54 (1.14) 
32. L78101 11.20 (1.47) 38.65 (0.97) 15.01 (1.20) 3.12 (0.23) 2.10 (0.31) 3.18 (0.95) 23.41 (1.06) 62.06 (1.97) 4.86 (0.11) 19.72 (0.11) 24.59 (0.21) 0.00 (0.00) 97.85 (0.82) 
33. Sven  9.46 (0.63) 39.76 (1.73) 12.71 (0.20) 2.70 (0.49) 0.95 (0.31) 1.69 (0.46) 18.06 (0.21) 57.82 (1.79) 5.07 (0.09) 20.42 (0.38) 25.49 (0.40) 0.20 (0.20) 92.97 (2.44) 
34. Asgerd 11.6 (0.50) 35.12 (0.99) 12.17 (0.34) 3.19 (0.19) 2.31 (1.30) 1.98 (0.45) 19.66 (2.11) 54.78 (2.01) 4.77 (0.16) 20.34 (0.40) 25.10 (0.33) 0.39 (0.26) 91.87 (2.03) 
35. Torhild 9.45 (0.43) 39.85 (0.73) 13.55 (0.30) 2.80 (0.30) 0.76 (0.07) 1.88 (0.56) 19.00 (0.54) 58.85 (0.89) 4.56 (0.16) 21.63 (0.33) 26.19 (0.45) 0.10 (0.10) 94.60 (0.54) 
36. S3 10.39 (0.33) 37.62 (1.69) 13.36 (0.13) 3.15 (0.30) 2.00 (0.90) 2.70 (0.91) 21.21 (1.24) 58.83 (2.24) 4.53 (0.15) 21.11 (0.17) 25.64 (0.28) 0.20 (0.10) 95.06 (2.35) 
37. R13 7.97 (0.81) 37.01 (1.02) 13.69 (0.55) 3.00 (0.33) 4.11 (1.07) 3.96 (0.86) 24.76 (1.76) 61.77 (0.78) 5.16 (0.09) 21.98 (0.17) 27.14 (0.09) 0.10 (0.10) 96.98 (1.38) 
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6.4.3 Enzymatic Saccharification of Untreated Biomass  
In assessing recalcitrance to enzymatic saccharification, the yields  of glucose 
can be expressed either as a proportion of the untreated biomass (DM) or of the 
glucan within the untreated biomass (DM), the latter giving an estimation of the 
accessibility of the glucan to saccharification. There was a large range in the 
accessibility of the glucan, with the most accessible being Shrubby Willow with 
glucose release of 16.95 % untreated glucan and the smallest being K8-428 with 
glucose release of 5.87 % untreated glucan (Figure 6-3 A). As there was less variation 
in glucan content of each genotype (before pretreatment) than the very large 
variation seen for glucose release % untreated glucan, the pattern was very similar 
for glucose release % untreated DM, with the most extreme genotypes remaining 
Shrubby Willow with glucose release of 6.16 % untreated DM and K8-428 with 
glucose release of 1.94 % untreated DM (Figure 6-3 B). 
Soluble glucose was significant both in variation and in absolute amount, 
ranging from 3.11 % untreated DM in L78101 to 1.04 % untreated DM in Nimrod 
(this was controlled for within the glucose release values) (see section 1.1.1). 
A B  
Figure 6-3 Enzymatic saccharification of unpretreated biomass  
Genotype mean glucose release expressed as either a: A percentage of the 
untreated glucan or B percentage of the untreated DM. Standard error is shown (n = 
3).  
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6.4.4 Relationships between Morphology, Composition and 
Recalcitrance to Enzymatic Saccharification 
As would be expected, highly significant and strong relationships were 
identified between some morphological traits, such as stem number, average stem 
diameter and average stem length, when all the genotype means were compared 
(Table 6-3, Appendix Table 1). Stem volume correlated with total stem diameter and 
length, while there was no significant correlation between stem number and total 
volume.  
Stem number and total length correlated positively with hemicellulose 
content (Table 6-3). Arabinose content correlated positively with stem number, total 
length and total diameter. Mass loss also had a strong negative correlation with 
hemicellulose content. 
The two genotypes with the most extreme glucan content, Baldwin and K8-
428, did not have compensatory amounts of lignin and the most extreme genotypes 
for lignin content, Nimrod and Endurance, did not have compensatory amounts of 
glucan (Table 6-2). The absence of an inverse relationship between glucan and lignin 
content in these four genotypes is further affirmed for the whole population with no 
significant correlation identified between these two traits when all the genotypes 
were compared (Appendix Table 1). 
The glucan content did not correlate with the glucose release % untreated 
glucan but there was a correlation with glucose release % untreated DM, as would 
be expected. Comparable, although inverse, moderate correlations were seen 
between total lignin content and glucose release % untreated glucan or glucose 
release % untreated DM, however, a much stronger inverse correlation was 
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identified between lignin content and soluble glucose levels (non-cell wall glucose, 
assayed through the substrate control within enzymatic saccharification assay - see 
section 2.1.4) (Table 6-3). 
Table 6-3  Correlations before pretreatment  
Correlation coefficients between all 35 mean genotype values (n = 3) for selected 
traits.  Correlation coefficients and p-values were generated using GenStat® (2008). A 
complete matrix of correlation coefficients of all 71 measured traits is supplied in the 
appendix (Table 1). DM = Dry Matter 
Trait 1 Trait 2 
 
Correlation 
coefficient 
P-value 
Stem number Average stem diameter -0.71 (strong) <0.001 
Stem number Average stem length -0.70 (strong) <0.001 
Average stem diameter Average stem length 0.95 (v.strong) <0.001 
Stem number  Hemicellulose % DM 0.39 (moderate) <0.05 
Stem number Arabinose content % DM 0.43 (moderate) <0.01 
Total length Arabinose content % DM 0.43 (moderate) <0.01 
Hemicellulose % DM Mass balance % DM -0.68 (strong) <0.001 
Glucan content % DM Glucose release % DM 0.39 (moderate) <0.05 
Lignin content % DM Glucose release % glucan -0.40 (moderate) <0.05 
Lignin content % DM Glucose release % DM -0.40 (moderate) <0.05 
Lignin content % DM Soluble glucose % DM -0.65 (strong) <0.001 
6.4.5 Pretreatment and Compositional Analysis of 
Pretreated Biomass 
After incomplete pretreatment of the biomass (see 6.3.5) the composition of 
the remaining pretreated biomass was assayed using the same NREL protocol as 
performed on the untreated biomass with the exception that the 95 % ethanol 
extraction step was omitted. The major change in composition in the pretreated 
biomass was the almost complete absence of galactan, arabinan and mannan as well 
as the loss of the majority of the xylan (Table 6-4). Galactan, arabinan and mannan 
are presented here as <1% of the pretreated DM as the resolution of the samples on 
the HPLC was significantly reduced after the pretreatment and if any of these sugars 
were present it was at a low concentration. Interestingly, even though these trace 
amounts of sugars were omitted almost all mass balances were slightly over 100 %. 
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With further comparison to the original untreated biomass composition it was 
recognised that this was partly due to increases in AIL. As a result of these increases 
it was decided to normalise the mass closures to 100% for all the pretreated biomass 
samples in order to prevent overestimation of glucan content in subsequent 
saccharification assays.  
Because of the loss of the majority of the hemicellulose sugars (as well as the 
extractives) the proportion of glucan and lignin is greatly elevated within the 
pretreated DM. The genotypes with the highest and lowest glucan content after 
pretreatment were Baldwin and Nimrod (Table 6-4). As would be expected, as glucan 
and lignin now make up a much larger proportion of the new feedstock, both 
genotypes now had correspondingly low and high lignin contents. Baldwin had the 
lowest lignin content (34.86 %) and genotype LA980289 had the highest lignin 
content (42.67 %). The C6 and C5 sugar degradation products HMF and furural could 
not be detected in the liquid fraction of two samples, plot 8 (Bowles Hybrid) and plot 
70 (Tora) however, acetic acid was detected and amounted to around 1 % and 3 % 
untreated DM . 
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Table 6-4 Composition of Pretreated Biomass 
Genotype Mean composition of the pretreated DM. Standard error is shown in brackets (n = 3). Acid soluble lignin (ASL), acid insoluble lignin 
(AIL). Galactan, arabinan and mannan were present in quantities below detection/resolution range. 
Genotype Glucan Xylan Galactan Arabinan Mannan Hemicellulose Total Sugars ASL AIL Total Lignin Ash 
1. Bjorn 59.86 (1.36) 3.49 (0.51) <1 <1 <1 3.49 (0.51) 63.35 (1.87) 1.72 (0.08) 34.60 (1.79) 36.32 (1.75) 0.32 (0.19) 
2. Tora 57.94 (0.86) 4.38 (0.67) <1 <1 <1 4.38 (0.67) 62.32 (1.19) 1.73 (0.07) 35.75 (1.18) 37.48 (1.18) 0.20 (0.20) 
3. Corail 57.82 (0.34) 3.73 (0.53) <1 <1 <1 3.73 (0.53) 61.54 (0.27) 1.70 (0.02) 36.64 (0.35) 38.35 (0.36) 0.11 (0.11) 
4. Tordis  58.00 (0.45) 4.65 (0.45) <1 <1 <1 4.65 (0.45) 62.66 (0.73) 1.96 (0.12) 35.28 (0.70) 37.24 (0.70) 0.11 (0.11) 
5. Orm  56.20 (0.11) 4.62 (0.27) <1 <1 <1 4.62 (0.27) 60.82 (0.34) 1.81 (0.14) 37.26 (0.45) 39.07 (0.36) 0.11 (0.11) 
6. Loden  56.03 (1.03) 4.05 (0.24) <1 <1 <1 4.05 (0.24) 60.08 (0.81) 1.79 (0.10) 37.91 (0.68) 39.70 (0.75) 0.22 (0.11) 
7. Jorr  57.90 (0.74) 4.47 (0.86) <1 <1 <1 4.47 (0.86) 62.37 (1.09) 1.69 (0.08) 35.16 (0.56) 36.25 (0.03) 1.38 (1.09) 
8. Ulv  57.12 (1.21) 4.72 (0.69) <1 <1 <1 4.72 (0.69) 61.84 (1.73) 1.75 (0.03) 36.31 (1.77) 38.06 (1.78) 0.10 (0.10) 
9. Astrid  57.42 (1.38) 3.83 (0.07) <1 <1 <1 3.83 (0.07) 61.24 (1.35) 1.73 (0.07) 36.75 (1.24) 38.44 (1.26) 0.32 (0.19) 
11. Stott 10 57.66 (0.70) 3.78 (0.72) <1 <1 <1 3.78 (0.72) 61.43 (1.09) 1.68 (0.02) 37.00 (1.03) 38.13 (0.81) 0.43 (0.29) 
12. Bowles Hybrid 56.86 (0.83) 4.08 (0.39) <1 <1 <1 4.08 (0.39) 60.94 (0.79) 1.67 (0.07) 37.17 (0.63) 38.84 (0.68) 0.22 (0.11) 
13. Olof  57.00 (0.63) 4.13 (0.34) <1 <1 <1 4.13 (0.34) 61.13 (0.91) 1.71 (0.08) 36.95 (0.80) 38.66 (0.78) 0.21 (0.21) 
14. Endurance  59.46 (1.09) 4.19 (0.33) <1 <1 <1 4.19 (0.33) 63.65 (0.76) 1.73 (0.05) 35.02 (0.91) 36.14 (0.67) 0.21 (0.11) 
15. Discovery  55.33 (0.42) 3.69 (0.47) <1 <1 <1 3.69 (0.47) 59.02 (0.83) 1.58 (0.03) 39.03 (0.95) 40.66 (0.94) 0.32 (0.19) 
16. Resolution  55.35 (1.39) 4.12 (0.18) <1 <1 <1 4.12 (0.18) 59.47 (1.56) 1.70 (0.06) 38.62 (1.61) 40.32 (1.66) 0.21 (0.11) 
17. Terra Nova 56.29 (0.92) 3.14 (0.63) <1 <1 <1 3.14 (0.63) 59.43 (1.50) 1.82 (0.09) 38.53 (1.46) 40.36 (1.54) 0.21 (0.11) 
18. Nimrod  53.13 (1.29) 4.26 (0.64) <1 <1 <1 4.26 (0.64) 57.39 (1.71) 1.74 (0.03) 41.34 (1.82) 42.50 (1.79) 0.11 (0.11) 
19. Quest  55.36 (0.71) 4.99 (0.82) <1 <1 <1 4.99 (0.82) 60.35 (0.57) 1.76 (0.03) 37.56 (0.45) 39.33 (0.45) 0.32 (0.19) 
20. LA980289 53.23 (1.52) 3.99 (0.17) <1 <1 <1 3.99 (0.17) 57.22 (1.63) 1.66 (0.02) 41.02 (1.66) 42.67 (1.67) 0.11 (0.11) 
21. SW870084 57.57 (1.05) 4.00 (0.22) <1 <1 <1 4.00 (0.22) 61.57 (0.97) 1.75 (0.05) 36.47 (0.96) 38.22 (0.98) 0.21 (0.11) 
22. SW930984 55.75 (1.16) 3.34 (0.95) <1 <1 <1 3.34 (0.95) 59.09 (0.22) 1.71 (0.13) 39.63 (0.55) 40.69 (0.18) 0.21 (0.11) 
23. Shrubby willow  56.14 (0.76) 4.23 (0.61) <1 <1 <1 4.23 (0.61) 60.37 (1.37) 1.84 (0.05) 37.48 (1.49) 39.32 (1.54) 0.31 (0.17) 
25. S. dasyclados 57.46 (1.02) 4.04 (0.66) <1 <1 <1 4.04 (0.66) 61.50 (1.51) 1.64 (0.04) 36.58 (1.34) 38.22 (1.37) 0.28 (0.15) 
26. Schneid 54.88 (0.67) 3.30 (0.29) <1 <1 <1 3.30 (0.29) 58.18 (0.54) 1.83 (0.02) 39.75 (0.62) 41.60 (0.65) 0.22 (0.11) 
27. K8-088 55.31 (0.55) 4.06 (0.55) <1 <1 <1 4.06 (0.55) 59.37 (1.01) 1.69 (0.07) 38.68 (0.88) 40.41 (0.90) 0.22 (0.11) 
28. K8-443 54.87 (1.17) 4.09 (0.85) <1 <1 <1 4.09 (0.85) 58.96 (1.37) 1.66 (0.08) 39.13 (1.19) 40.82 (1.26) 0.22 (0.11) 
29. L78195 57.09 (0.77) 4.88 (0.42) <1 <1 <1 4.88 (0.42) 61.97 (0.54) 1.79 (0.10) 36.00 (0.48) 37.81 (0.54) 0.22 (0.22) 
30. K8-428 54.44 (1.18) 4.61 (0.72) <1 <1 <1 4.61 (0.72) 59.05 (1.53) 1.72 (0.05) 38.80 (1.45) 40.52 (1.43) 0.43 (0.12) 
31. Baldwin 60.87 (1.21) 4.28 (0.13) <1 <1 <1 4.28 (0.13) 65.14 (1.19) 1.69 (0.06) 33.16 (1.18) 34.86 (1.19) 0.00 (0.00) 
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6.4.6 Pretreated biomass and Liquor Fractions 
The mass lost during pretreatment ranged from 39.49 % untreated DM in 
Terra Nova to 44.83 % untreated DM in Shrubby Willow (Table 6-5). By comparing 
the composition of the untreated biomass and the composition of the pretreatment 
biomass, taking into account the mass lost from each sample during pretreatment, 
the composition of the liquor fraction can be inferred. The highest amount of 
glucose released into the liquor fraction (as a percentage of the untreated DM) was 
from LA980289, at 9.59 % untreated DM, and the lowest from Asgerd, at 2.45% 
untreated DM (Table 6-5, Figure 6-5 B). These values are important when analysing 
total usable glucose yields per untreated DM. The glucose in the liquor fraction is 
also presented as a proportion of glucan in the untreated biomass (Figure 6-5 A) as 
this is indicative of the glucan’s recalcitrance to acid hydrolysis. The only 
hemicellulose component left in the pretreated biomass was a very small proportion 
of xylan.
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Table 6-5 Pretreatment Mass loss, pretreated biomass and Liquid Fraction Composition 
Genotype mean composition of the pretreated biomass and liquor fraction as a percentage of the untreated DM. Liquid fraction values are inferred from the 
difference between the pretreated and untreated biomass composition. Standard error is shown in brackets (n = 3). Acid soluble lignin (ASL), acid insoluble lignin 
(AIL). Galactan, arabinan and mannan were present in quantities below detection/resolution range. 
Genotype 
Pretreated biomass as a percentage of untreated DM Inferred Liquid fraction content as a percentage of untreated DM Mass Loss 
Glucan Xylan Galactan Arabinan Mannan Hemi's 
Total 
Sugars Total Lignin Ash Glucose Xylose Galactose Arabinose Mannose Hemi's 
Total 
Sugars Total Lignin 
1. Bjorn 34.96(1.32) 2.04(0.32) <1 <1 <1 2.04(0.32) 36.99(1.60) 21.20(1.14) 0.19(0.11) 6.14(1.25) 12.29(1.05) 3.27(0.14) 0.46(0.25) 2.05(0.85) 18.08(1.16) 24.22(2.04) 3.72(1.29) 41.61(1.70) 
2. Tora 33.38(1.08) 2.51(0.36) <1 <1 <1 2.51(0.36) 35.90(1.09) 21.59(0.82) 0.11(0.11) 5.18(0.12) 11.29(0.55) 3.01(0.05) 1.88(0.11) 2.40(0.21) 18.58(0.71) 23.76(0.84) 4.28(1.02) 42.41(1.17) 
3. Corail 33.76(0.30) 2.18(0.32) <1 <1 <1 2.18(0.32) 35.94(0.50) 22.39(0.03) 0.07(0.07) 6.87(1.65) 10.25(1.18) 3.65(0.05) 3.84(1.61) 2.42(0.26) 20.15(2.87) 27.03(3.78) 2.14(0.09) 41.61(0.56) 
4. Tordis  33.55(0.58) 2.70(0.30) <1 <1 <1 2.70(0.30) 36.25(0.88) 21.54(0.50) 0.06(0.06) 5.46(0.79) 11.30(0.29) 3.09(0.09) 2.91(1.32) 3.41(0.62) 20.71(1.20) 26.16(0.44) 4.17(0.98) 42.15(1.03) 
5. Orm  31.55(0.59) 2.60(0.17) <1 <1 <1 2.6(0.170) 34.15(0.68) 21.94(0.58) 0.06(0.06) 7.14(0.28) 11.98(0.04) 2.79(0.25) 1.60(0.23) 2.52(0.08) 18.89(0.43) 26.03(0.59) 2.92(0.87) 43.85(1.14) 
6. Loden  32.75(0.31) 2.37(0.16) <1 <1 <1 2.37(0.16) 35.12(0.18) 23.22(0.73) 0.13(0.07) 6.68(1.07) 11.26(0.47) 3.16(0.12) 3.07(0.83) 2.53(0.10) 20.02(1.33) 26.69(0.77) 1.14(0.65) 41.52(0.73) 
7. Jorr  31.67(0.78) 2.45(0.48) <1 <1 <1 2.45(0.48) 34.12(0.97) 19.82(0.24) 0.74(0.58) 7.36(1.20) 11.58(0.83) 3.35(0.22) 0.94(0.12) 2.46(0.95) 18.33(0.69) 25.68(1.24) 5.47(0.35) 45.31(0.66) 
8. Ulv  32.23(0.94) 2.66(0.39) <1 <1 <1 2.66(0.39) 34.90(1.19) 21.46(0.90) 0.06(0.06) 7.49(0.68) 11.52(0.62) 3.05(0.22) 1.27(0.48) 2.19(0.44) 18.03(1.39) 25.52(1.98) 4.08(1.12) 43.58(0.51) 
9. Astrid  32.21(0.73) 2.15(0.05) <1 <1 <1 2.15(0.05) 34.35(0.72) 21.57(0.75) 0.18(0.11) 6.27(0.76) 11.79(0.78) 2.87(0.07) 2.14(0.91) 2.57(0.28) 19.37(1.29) 25.64(1.31) 3.80(0.92) 43.90(0.22) 
11. Stott 10 33.66(0.83) 2.20(0.40) <1 <1 <1 2.20(0.40) 35.85(0.83) 22.25(0.58) 0.25(0.17) 5.78(0.88) 10.61(0.90) 3.22(0.27) 1.34(0.32) 2.40(1.02) 17.56(1.50) 23.34(2.31) 3.98(0.53) 41.64(0.89) 
12. Bowles Hybrid 32.16(0.90) 2.30(0.18) <1 <1 <1 2.30(0.18) 34.45(0.75) 21.97(0.66) 0.12(0.06) 6.96(0.40) 10.26(0.69) 3.35(0.08) 1.76(0.05) 1.85(0.37) 17.23(0.95) 24.19(0.62) 2.55(0.96) 43.45(1.14) 
13. Olof  33.32(0.76) 2.42(0.24) <1 <1 <1 2.42(0.24) 35.75(0.99) 22.59(0.48) 0.12(0.12) 7.07(0.11) 10.78(0.20) 2.81(0.14) 1.32(0.39) 1.68(0.26) 16.59(0.39) 23.66(0.50) 3.07(0.65) 41.54(0.98) 
14. Endurance  33.76(0.46) 2.38(0.20) <1 <1 <1 2.38(0.20) 36.14(0.27) 20.53(0.48) 0.12(0.06) 6.69(1.58) 11.17(0.92) 3.03(0.17) 0.80(0.28) 1.54(0.33) 16.54(1.04) 23.23(2.61) 3.36(0.36) 43.21(0.29) 
15. Discovery  32.00(0.60) 2.13(0.28) <1 <1 <1 2.13(0.28) 34.13(0.76) 23.51(0.56) 0.18(0.11) 4.76(0.81) 10.86(0.32) 3.21(0.08) 2.24(1.08) 2.57(0.96) 18.87(1.54) 23.62(0.79) 2.14(0.89) 42.17(0.71) 
16. Resolution  32.41(0.90) 2.41(0.11) <1 <1 <1 2.41(0.11) 34.82(1.00) 23.60(0.91) 0.12(0.06) 4.89(0.50) 11.31(0.34) 2.49(0.33) 1.73(0.29) 1.85(0.38) 17.38(0.31) 22.27(0.70) 2.28(0.99) 41.45(0.15) 
17. Terra Nova 34.12(1.07) 1.91(0.40) <1 <1 <1 1.91(0.40) 36.02(1.38) 24.43(0.72) 0.13(0.07) 3.19(0.66) 10.73(0.14) 2.97(0.26) 1.05(0.33) 1.76(0.61) 16.51(0.62) 19.70(0.36) 3.56(0.74) 39.42(1.00) 
18. Nimrod  31.73(0.26) 2.54(0.38) <1 <1 <1 2.54(0.38) 34.27(0.60) 25.43(1.45) 0.06(0.06) 7.18(1.21) 10.42(0.78) 3.28(0.16) 1.08(0.49) 1.68(0.71) 16.46(0.67) 23.63(1.63) 3.38(0.44) 40.23(1.00) 
19. Quest  32.70(0.48) 2.95(0.49) <1 <1 <1 2.95(0.49) 35.65(0.48) 23.23(0.19) 0.19(0.11) 3.52(1.65) 10.82(1.64) 2.91(0.75) 1.07(0.44) 1.59(0.24) 16.39(2.65) 19.91(4.00) 2.24(0.38) 40.94(0.24) 
20. LA980289 30.07(0.83) 2.25(0.11) <1 <1 <1 2.25(0.11) 32.33(0.91) 24.11(0.99) 0.06(0.06) 9.59(1.50) 12.98(0.75) 3.33(0.14) 1.24(0.16) 2.82(0.78) 20.38(0.76) 29.96(1.71) 3.55(1.01) 43.50(0.32) 
21. SW870084 32.38(0.75) 2.25(0.12) <1 <1 <1 2.25(0.12) 34.63(0.71) 21.49(0.45) 0.12(0.06) 7.90(1.42) 12.72(0.75) 3.21(0.02) 1.29(0.20) 1.67(0.47) 18.90(1.18) 26.80(1.79) 4.20(0.98) 43.76(0.26) 
22. SW930984 31.55(1.16) 1.88(0.50) <1 <1 <1 1.88(0.50) 33.43(0.73) 23.01(0.37) 0.12(0.06) 4.94(1.29) 11.85(0.85) 3.38(0.24) 1.05(0.36) 1.55(0.40) 17.82(0.45) 22.76(0.85) 3.29(0.49) 43.44(1.04) 
23. Shrubby willow  30.98(0.48) 2.33(0.34) <1 <1 <1 2.33(0.34) 33.31(0.82) 21.69(0.81) 0.17(0.10) 5.25(0.64) 10.49(0.47) 3.03(0.31) 3.47(1.55) 2.38(0.66) 19.37(2.08) 24.62(1.92) 2.61(1.04) 44.83(0.11) 
25. S. dasyclados 34.02(0.71) 2.37(0.33) <1 <1 <1 2.37(0.33) 36.38(0.40) 22.71(1.65) 0.17(0.10) 4.03(2.12) 11.21(1.06) 3.12(0.27) 1.18(0.18) 2.42(1.41) 17.93(1.97) 21.97(3.81) 2.54(1.70) 40.73(2.12) 
26. Schneid 30.58(0.39) 1.84(0.15) <1 <1 <1 1.84(0.15) 32.42(0.24) 23.19(0.59) 0.12(0.06) 5.59(1.08) 10.48(0.57) 2.59(0.25) 1.65(0.25) 1.02(0.23) 15.73(1.01) 21.32(1.92) 1.15(0.11) 44.27(0.64) 
27. K8-088 31.49(0.55) 2.31(0.30) <1 <1 <1 2.31(0.30) 33.80(0.62) 23.01(0.65) 0.13(0.06) 6.64(1.50) 12.72(1.02) 3.16(0.40) 1.24(0.18) 3.27(0.50) 20.38(1.92) 27.02(3.02) 4.09(0.44) 43.07(0.75) 
28. K8-443 31.54(1.33) 2.35(0.50) <1 <1 <1 2.35(0.50) 33.89(1.47) 23.41(0.38) 0.12(0.06) 4.37(1.34) 11.27(0.71) 3.21(0.12) 1.21(0.12) 1.33(0.23) 17.03(0.49) 21.40(1.25) 3.90(0.62) 42.58(1.23) 
29. L78195 33.24(1.10) 2.83(0.20) <1 <1 <1 2.83(0.20) 36.07(0.98) 22.00(0.40) 0.13(0.13) 3.18(0.92) 12.12(0.35) 2.59(0.45) 2.81(1.01) 2.56(0.45) 20.08(1.84) 23.25(2.02) 3.52(0.21) 41.81(1.14) 
30. K8-428 30.87(1.23) 2.60(0.38) <1 <1 <1 2.60(0.38) 33.48(1.29) 22.96(0.81) 0.24(0.07) 3.91(0.24) 10.48(1.19) 3.78(0.41) 1.51(0.05) 3.00(0.93) 18.77(1.75) 22.68(1.77) 4.14(0.75) 43.32(1.21) 
31. Baldwin 34.42(0.93) 2.42(0.10) <1 <1 <1 2.42(0.10) 36.84(0.97) 19.70(0.58) 0.00(0.00) 7.37(0.30) 11.72(0.56) 2.60(0.57) 1.46(0.62) 1.59(0.53) 17.37(0.68) 24.74(0.47) 5.90(0.38) 43.46(0.67) 
32. L78101 31.03(1.50) 2.15(0.56) <1 <1 <1 2.15(0.56) 33.18(1.70) 22.74(0.58) 0.06(0.06) 7.62(0.57) 12.85(1.61) 3.12(0.23) 2.10(0.31) 3.18(0.95) 21.26(1.25) 28.88(0.77) 1.84(0.69) 44.01(1.08) 
33. Sven  33.62(0.69) 2.39(0.31) <1 <1 <1 2.39(0.31) 36.01(1.00) 21.80(1.19) 0.18(0.11) 6.14(2.38) 10.32(0.51) 2.70(0.49) 0.95(0.31) 1.69(0.46) 15.66(0.44) 21.80(2.76) 3.69(1.08) 42.01(0.27) 
34. Asgerd 32.67(1.06) 2.32(0.29) <1 <1 <1 2.32(0.29) 34.99(1.07) 20.59(1.24) 0.17(0.10) 2.45(2.01) 9.85(0.58) 3.19(0.19) 2.31(1.30) 1.98(0.45) 17.34(2.40) 19.79(2.89) 4.51(1.57) 44.25(0.72) 
35. Torhild 33.67(0.81) 1.96(0.30) <1 <1 <1 1.96(0.30) 35.64(0.87) 21.68(0.76) 0.37(0.01) 6.18(0.82) 11.59(0.59) 2.80(0.30) 0.76(0.07) 1.88(0.56) 17.04(0.72) 23.22(0.11) 4.51(0.61) 42.31(0.73) 
36. S3 31.81(0.20) 2.69(0.23) <1 <1 <1 2.69(0.23) 34.49(0.42) 23.32(0.48) 0.06(0.06) 5.51(1.55) 10.84(0.31) 3.08(0.30) 3.06(0.90) 3.33(0.91) 20.30(1.33) 25.81(2.11) 3.07(0.75) 42.13(0.46) 
37. R13 31.45(1.35) 2.89(0.51) <1 <1 <1 2.89(0.51) 34.34(1.75) 23.92(1.42) 0.06(0.06) 5.57(1.15) 10.79(0.92) 3.00(0.33) 4.11(1.07) 3.96(0.86) 21.86(2.24) 27.43(2.15) 3.22(1.35) 41.68(0.91) 
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6.4.7 Enzymatic Saccharification of Pretreated Biomass 
based on Remaining Cellulose Content 
A B  
Figure 6-4 Glucose Yield from Pretreated Biomass 
Genotype mean glucose release from pretreated biomass expressed as either a A 
percentage of the pretreated glucan or B percentage of the pretreated DM. Standard 
error is shown (n = 3). 
 
Significant variation was observed within the population of 35 genotypes (p = 
0.001, ANOVA F-test) for both glucose release % pretreated glucan (proportion of 
the pretreated glucan as opposed to glucan in the original untreated biomass) and 
glucose release % pretreated DM (proportion of the pretreated DM as opposed to 
the DM of the original untreated biomass). Shrubby Willow again had the most 
accessible glucan with glucose release of 53.13 % pretreated glucan and Quest was 
the most recalcitrant to enzymatic saccharification with glucose release of 36.07 % 
pretreated glucan (Figure 6-4 A). When pretreated glucan content was also taken 
into account as well as glucan accessibility the highest yielder changes to Bjorn, with 
glucose release of 27.40 % pretreated DM while the lowest yielder was maintained 
as Quest producing glucose release of 18.31 % pretreated DM (Figure 6-4 B).  
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6.4.8 Variation in Recalcitrance to Pretreatment and 
Pretreated Biomass Enzymatic Saccharification 
A B
C D
E F  
Figure 6-5 Glucose Fates: Acid Hydrolysis, Enzymatic Saccharification and Final 
Residue 
Genotype means of: A and B acid hydrolysed glucose released into the liquor 
fraction, C and D the glucose released (via enzymatic saccharification) of the 
pretreated biomass and E and F the residual glucan all expressed as either: A, C and E 
percentage of the untreated glucan or B, D and F percentage of the untreated DM. 
Standard error is shown (n = 3). 
 
The fate of the original glucan can be followed as: being released into the 
liquor fraction during pretreatment, being released by enzymatic saccharification 
from the pretreated biomass or remaining in the solid residue after enzymatic 
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saccharification of the pretreated biomass as “inaccessible” glucan. These values can 
be shown either as a proportion of the original untreated glucan or as a proportion 
of the original untreated DM (Figure 6-5). By expressing yields as a proportion of 
untreated glucan, values are informative in relation to cell wall glucan accessibility. 
By expressing yields as a proportion of untreated DM, values are informative in 
relation to both cell wall glucan accessibility and content. Final glucan fates are 
presented here in rank order to facilitate yield implication. 
The amount of glucose 1) within the pretreatment liquor (Figure 6-5 A and B), 
2) released from the pretreated biomass upon enzymatic digestion (Figure 6-5 C and 
D) and 3) residue within the pretreated biomass after digestion (Figure 6-5 E and F) 
all showed variation within the population of 35 genotypes with high significance (p 
= 0.001, ANOVA F-test). After pretreatment, the glucan in the pretreated biomass 
from Asgerd was the least recalcitrant to enzymatic saccharification with glucose 
release of 45.76 % untreated glucan (Figure 6-5 C). This was not the case for glucose 
release as a percentage of untreated DM, where Bjorn had the highest yield with 
glucose release of 17.82 % untreated DM (Figure 6-5 D). The most recalcitrant 
genotype was L78101, with glucose release of only 31.67 % untreated glucan. When 
these glucose yields are viewed as a percentage of untreated DM (and so variation in 
glucan content is also incorporated), the extreme low end genotype changes, this 
time to Quest with glucose release of 11.82 % untreated DM. The residual glucan 
remaining in the pretreated biomass ranged from 40.02 % to 58.09 % of the 
untreated glucan and 14.54 % to 21.64 % of the untreated DM (Figure 6-5 E and F). 
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6.4.9 Total Glucose/Ethanol Yields and Glucose Losses 
The available glucose in the liquor fraction and enzymatic saccharification 
glucose from the pretreated biomass are combined to give the total usable glucose. 
Again, this can be expressed as a percentage of the untreated glucan or of untreated 
DM. Shrubby Willow yields the greatest proportion of its untreated glucan, with total 
usable glucose at 59.98 % untreated glucan, and Terra Nova the least, at 41.91 % 
untreated glucan (Figure 6-6 A). However, when glucan content was also taken into 
account as well as glucan accessibility then Bjorn becomes the greatest yielder with 
total usable glucose 23.96 % untreated DM and Quest the smallest at 15.33 % 
untreated DM (Figure 6-6 B). This large range is further expanded when the total 
usable glucose % untreated DM yields are combined with the recorded biomass 
yields for each tree (t DM ha-1 yr-1). From this, estimations of genotype ethanol yields 
can be made following glucose fermentation to ethanol, assuming no fermentation 
inhibition and a conversion efficiency of 90 % (Alfenore, Cameleyre et al. 2004). A 
vast range of ethanol yields from 556 L ha-1 yr-1 to 2051 L ha-1 yr-1 are observed with 
Discovery being the smallest and Endurance the largest (Figure 6-6 B). These 
projected values take into account the amount of glucan in the biomass, the amount 
of glucose released into the liquor after pretreatment, the amount of glucose 
released following enzymatic saccharification and the biomass yield of each 
genotype to give a value for ethanol yields per hectare. These yields do not include 
the potential ethanol yielded from fermentation of sugars other than glucose. 
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A B  
C  
Figure 6-6 Total Glucose Yields per DM and Ethanol Litres per Hectare per year 
Genotype means of total usable glucose yields as a: A percentage of the untreated 
glucan and B a percentage of untreated DM. Genotype means for projected ethanol 
yield per hectare per year based on total usable glucose yields per DM and recorded 
biomass yields (DM). A fermentation conversion efficiency of 90 % is assumed 
(Alfenore, Cameleyre et al. 2004). Standard error is shown (n = 3). 
6.4.10  Final Correlations 
The amount of glucan hydrolysed into the liquor fraction during pretreatment 
had no significant correlation with glucose release % pretreated glucan or glucose 
release % pretreated DM (Appendix Table 1). There was also no correlation with the 
remaining amount of xylan within the pretreated biomass or any other measured 
component other than the original xylan content in the untreated biomass. The 
lignin content of the pretreated biomass did have a strong and highly significant 
negative correlation with glucose release % pretreated DM and also a moderate and 
significant negative correlation with glucose release % pretreated glucan (Table 6-6). 
However, the lignin content of the untreated biomass did not significantly correlate 
with glucose release % pretreated glucan. The liquor fraction glucose % untreated 
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DM had a moderate and significant positive correlation with the xylan content of the 
untreated biomass. Total usable glucose % untreated glucan had a moderate and 
significant negative correlation with biomass yield, total volume and total diameter. 
A strong and highly significant positive correlation was observed between 
glucose release of untreated glucan and glucose release of pretreated glucan. 
Table 6-6 Final Correlations 
Correlation coefficients between all 35 mean genotype values (n = 3) for some 
selected traits.  Correlation coefficients and p-values were generated using GenStat® 
(2008). A complete matrix of correlation coefficients of all 71 measured traits is 
supplied in the appendix (Table 1). 
Trait 1 Trait 2 
 
Correlation 
coefficient 
P-value 
Glucose release % pretreated DM  Lignin content % pretreated DM -0.57 (strong) <0.001 
Glucose release % pretreated 
glucan  
Lignin content % pretreated DM -0.37 (moderate) <0.05 
Liquor glucose % untreated 
glucan 
Xylan content % untreated DM 0.42 (moderate) <0.01 
Total usable glucose % untreated 
glucan 
Total diameter -0.34 (moderate) <0.05 
Glucose release % untreated 
glucan 
Glucose release % pretreated 
glucan 
0.61 (strong) <0.001 
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6.5 Discussion 
6.5.1 Biomass/morphological traits 
The strong correlation between total volume, calculated using the recorded 
number of stems and their individual lengths and diameters, and the biomass yields, 
recorded by Rothamsted Research, reinforces that the measurements taken 
accurately describe the specific and varied morphology of these genotypes. The 
biomass yields per hectare per year, which are extrapolated up from plot yields, are 
in accord with those currently achieved commercially. Although full commercial scale 
trials of each genotype would have to be conducted before these yields can be 
verified, these genotypes do represent the leading biomass yielding varieties from 
Europe and they were planted at an appropriate commercial planting density of 
16,666 trees per hectare. 
Although Resolution has the largest stems it doesn’t have the greatest 
volume as the average number of stems per tree is relatively small. This could be a 
different approach in morphological strategy where further apical dominance is 
preferred over increased stem number. It has been shown that increased branching, 
fundamental to the coppicing technique, can lead to increases in biomass yield in 
poplar (Rae, Robinson et al. 2004), this is supported here only by a weak yet 
significant correlation with field biomass yields provided by RRes (Figure 6-2 A and B, 
Appendix Table 1). 
Few of the measured morphological traits correlated with elements of 
composition, however there were moderate correlations between stem number and 
total length with arabinose and hemicellulose content. Both traits are linked to the 
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proportion of bark (Adler, Verwijst et al. 2005; Guidi, Piccioni et al. 2008) and hence 
any increase in arabinose could be as result of a proportional increase in bark. 
Recent work has compared the impact of bark on hemicellulose content in willow 
(Serapiglia, Cameron et al. 2009) and although significant variation was found, it was 
highly clone specific and the general trend, found here with arabinose content, was 
not observed. 
These same traits, indicative of increased bark proportion, also had a 
deleterious effect on total usable glucose yields with a moderate but significant 
negative correlation (Table 6-6). It is interesting to note, especially from a selection 
standpoint, that greater stem number may be associated with a deleterious effect on 
glucose yields (through increased bark proportion), as indicated here. 
6.5.2 Compositional Analysis of Unpretreated Biomass 
The lack of an inverse correlation between glucan and lignin content is 
interesting in the context of this analysis, where a total mass balance is undertaken. 
The compensatory relationship of glucan and lignin is often documented in extreme 
phenotypes in response to severe stress (Hu, Harding et al. 1999; Cano-Delgado, 
Penfield et al. 2003; Hamann, Bennett et al. 2009). The absence here of an inverse 
correlation between these two major cell wall elements indicates that this 
compensatory relationship may not be reflected in cellulose synthesis and 
lignification during typical (non-artificially stressed) willow development. 
The very high technical reproducibility of lignin quantification allowed the 
observation of a very high degree of lignin content consistency between trees within 
each genotype. Significant variation was seen in glucan content between genotypes 
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and this may even have improved if further technical replication were to be 
employed, increasing the resolution on the glucan content determination for each 
tree. Mass balances, ranging here from 91.87 % to 97.85 % (Table 6-2), represent a 
significant deficit when performing compositional analysis by conventional wet 
chemistry and this is without further potential complications of high-
throughput/scaled-down techniques. The amount of unaccounted for mass did 
inversely correlate to the hemicellulose content. This relationship would be present 
if there was variation in the degradation of these hemicellulose monomers. 
The sugar recovery conversion factors, applied as a constant to each sugar 
assayed in the compositional analysis, are calculated from the degradation of known 
concentrations of monomeric sugar standards put through part of the compositional 
analysis assay. As enzymatic saccharification and pretreatment efficacy indicated, 
structural cell wall variation results in recalcitrance that is independent of 
composition. Consequently, it can also be assumed that the sugar recovery 
standards do not sufficiently control for the variation in depolymerisation and 
subsequent monomer degradation of cell wall sugars. As presented in section 6.5.1, 
arabinose and hemicellulose content did positively correlate with some 
morphological traits related to the proportion of bark in the biomass i.e. stem 
number, total diameter and total length,  these same traits also correlated with the 
amount of unaccounted for mass.  
6.5.3 Enzymatic Saccharification of untreated Biomass 
As the amount of glucan added to each saccharification assay was normalised, 
the broad range of variation in glucose release % untreated glucan seen in the 
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population is as a direct result of genotype specific differences in recalcitrance 
(accessibility) to enzymatic saccharification. The impact of including absolute glucan 
content as well as accessibility can be seen as Shrubby Willow changes from yielding 
2.9 times more glucose release % untreated glucan than K8-428 to yielding 3.2 times 
more glucose release % untreated DM. 
The fundamental difference between glucan content and accessibility is 
highlighted by the lack of a significant correlation between glucan content and 
glucose release % untreated glucan (Appendix Table 1). A moderate, significant 
negative correlation was observed between both glucose release % untreated glucan 
and glucose release % untreated DM with total lignin content (Table 6-3). The fact 
that this is not a strong correlation is interesting as lignin is often seen as the sole 
contributor to cell wall recalcitrance. It is interesting that total lignin content of the 
untreated DM did have a strong and highly significant negative correlation with the 
soluble glucose levels. This strong relationship between lignin and non-cell wall 
sugars may play some part in the inflated perception of the role of lignin content in 
recalcitrance.  
6.5.4 Pretreatment 
The pretreatment conditions, 180°C 0.25 % H2SO4 (w/w) for 10 minutes at 
500 psi, were determined to be “Incomplete” owing to non-optimal severity 
compared to previous pretreatment conditions published for willow (Eklund, Galbe 
et al. 1990; Eklund and Zacchi 1995; Sassner, Galbe et al. 2006; Sassner, Martensson 
et al. 2008). 
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HMF and furfural act as inhibitors to the fermentation process at 
concentrations of >0.15 and >0.1 % (w/v) respectively (Sanchez and Bautista 1988). 
These levels are not met within liquor fraction using the pretreatment conditions 
tested here.  
6.5.5 Compositional Analysis of Pretreated Biomass 
The vulnerability of willow hemicelluloses to low pH, high temperature and 
high pressure is well known and so the loss of most of the hemicellulose sugars 
during pretreatment is not surprising (Eklund, Galbe et al. 1988). An increase in AIL 
after acid pretreatment has been documented before and is thought to be the due 
to the formation of “pseudo-lignin”, hypothesised to be the repolymerisation of 
depolymerised polysaccharide degradation products into a non-acid soluble form 
(Schwald, Brownell et al. 1988; Nguyen, Tucker et al. 1999; Li, Henriksson et al. 2007). 
Two strong and highly significant negative correlations were observed with 
“pseudo-lignin” formation which is quantitatively assessed here as the excess AIL in 
the pretreated DM (Appendix Table 1). The first negative correlation was with the 
pretreated biomass mass balance and the second was with the glucan content in the 
pretreated biomass, both as a percentage of the pretreated DM and of the untreated 
DM. These negative correlations both support the idea that “pseudo-lignin” derives 
from sugar degradation by indicating that more glucan hydrolysis results in more 
“pseudo-lignin” formation. 
6.5.6 Pretreatment – Biomass/Liquid Fraction 
None of the C6 or C5 degradation products were assayed from the liquor 
fraction and it is presumed here that all monomeric sugars would be available for 
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fermentation or “usable”. The hypothesis for this work, asserting that less severe 
pretreatments would be needed to achieve equivalent sugar yields in less 
recalcitrant genotypes, should not be affected by this assumption. The degree of 
monomeric sugar degradation would be consistent with their concentration in the 
liquor and the severity of the pretreatment conditions so therefore only exaggerate 
variation between the genotypes if assayed directly.  
It is interesting that the amount of glucan hydrolysed into the liquor fraction 
had a moderate, significant positive correlation with the xylan content of the 
untreated biomass. This suggests that xylan content has a role in accessibility of the 
cell wall matrix, not to enzymatic saccharification but to acid hydrolysis. This is of the 
same order of magnitude as the impact that lignin content in the untreated biomass 
had on the enzymatic saccharification yields from the untreated biomass. The 
amount of xylan remaining in the pretreated biomass had no significant correlation 
with anything other than the initial xylan content of the untreated biomass. This 
indicates that the residual xylan content in the pretreated biomass content doesn’t 
affect the recalcitrance of that pretreated biomass to enzymatic saccharification.   
6.5.7 Enzymatic Saccharification of Pretreated Biomass 
based on Remaining Cellulose Content 
The importance of initially assessing pretreated composition independently 
from the untreated biomass composition (% pretreated DM or glucan) is highlighted 
by the data for enzymatic saccharification after pretreatment, where the pretreated 
biomass of each tree is best viewed as a novel feedstock. 
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The accessibility of the pretreated biomass shows a broad range of variation 
(pretreated biomass glucose release range was from 53.13 to 36.07 % pretreated 
glucan). The overall pattern of glucose yield holds between the pretreated glucan 
and pretreated DM glucose releases as the glucan content doesn’t vary much 
between the pretreated biomass of different genotypes, however, some of the rank 
orders do shift between the two different values. What is interesting is that there is 
such stark variation in accessibility even though the new composition is relatively 
similar. This may be indicative of variation in the structure of cell wall elements. 
Presumably, by this stage of processing, the variation in recalcitrance to enzymatic 
saccharification is due to either lignin type, structure or cross-linking, cellulose 
crystallinity and/or the degree of cellulose polymerisation. The remaining small 
proportion of xylan could also play a role in recalcitrance albeit independently of the 
absolute xylan content (see section 6.5.6). 
Shrubby Willow, which has extremely accessible glucan, both before and 
after pretreatment, also had the highest mass loss during pretreatment. This is 
indicative that recalcitrance to acid hydrolysis and to enzymatic saccharification 
might be linked. 
6.5.8 Factors Influencing Recalcitrance 
An inverse complementary relationship between recalcitrance to acid 
hydrolysis and enzymatic saccharification seems evident in some of the extreme 
genotypes, such as Asgerd which has the highest (enzymatic-) glucose release from 
pretreated glucan yet the lowest glucose liquor. However no significant correlation 
was found between these two traits. This confirms that cell wall recalcitrance to acid 
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hydrolysis and enzymatic saccharification are in fact independent here, providing 
evidence as to the complexity of the cell wall matrix.  
The majority of accessible glucose comes from enzymatic saccharification 
after pretreatment, under these conditions, rather than direct acid hydrolysis during 
pretreatment, although there was a large amount of variation between the 
genotypes for both traits. As only three biological replicates were used in the 
analysis for each genotype (biomass from three individual trees from different plots 
ordered randomly in the field – see section 6.3.1) it was very surprising how well the 
trees grouped by genotype, indicating that these two glucose yield traits are very 
highly genotype specific. 
Large differences were also seen in the amount of inaccessible glucan 
remaining in the residue after the pretreatment and enzymatic saccharification. This 
high degree of variation was also seen in residual lignin content and could greatly 
impact the energy benefits derived from residues, such as the combustion of lignin 
for energy production. As the genotype with the highest lignin content (in the 
untreated or pretreated biomass) didn’t have the lowest usable glucose yields it may, 
in some cases, be beneficial to select for certain genotypes with a higher lignin 
content and thus to increase potential for co-production of heat and power (from 
lignin combustion) alongside the biofuel production. 
6.5.9 Total Glucose/Ethanol Yields and Glucose Losses 
The genotype with the most accessible glucan (total usable glucose % 
untreated glucan), Shrubby Willow (Figure 6-6 A), has neither the highest glucan 
content nor the lowest lignin content. In fact, glucan accessibility was totally 
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independent of glucan content and, therefore, novel breeding opportunities relating 
to glucan accessibility exist. As final glucose yield is not only a function of glucan 
accessibility but also relies heavily on glucan content and biomass yield, all three 
traits are essential as part of a dedicated bioethanol feedstock ideotype. However, 
increases in any one trait can only be validated as beneficial to end-point yields if the 
other traits are not compromised. 
As the glucose release of pretreated glucan did not correlate with lignin 
content of the untreated biomass then analysing lignin content only after 
pretreatment (% pretreated biomass) would reveal any substantial impact of lignin 
on glucose accessibility in pretreated biomass. However, even those values would be 
affected to an unknown degree by the presence of the poorly understood “pseudo-
lignin”, a product of sugar degradation and repolymerisation (Schwald, Brownell et al. 
1988; Nguyen, Tucker et al. 1999; Li, Henriksson et al. 2007) and evident here 
through increases in AIL after pretreatment . 
One of the most valuable findings of the study was that the enzymatic 
saccharification yield of untreated biomass strongly correlated, with very high 
significance, with enzymatic saccharification yields of the same biomass after it had 
been pretreated, at least under these dilute acid pretreatment conditions (Table 6-6). 
The experimental repercussions of this are large, indicating that genotypes can be 
screened for their cell wall recalcitrance to enzymatic saccharification perhaps 
without the need for pretreatment. A simple enzymatic digestion of untreated 
biomass (of known glucan content) may well be sufficient to indicate its likely 
recalcitrance after pretreatment, reducing the need for high-throughput 
pretreatment screening techniques 
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Projected ethanol yields are provided here per hectare for each genotype. As 
previously stated, a conversion factor of 90 % was used to calculate fermentation 
efficiencies (Alfenore, Cameleyre et al. 2004). However, experimental work has been 
performed on pretreated willow and found that  non-volatile compounds, such as 
lignin derivatives and also acetic acid (which was identified here as a substantial by-
product in the liquor fraction), can inhibit Saccharomyces cerevisiae fermentation 
efficiencies (Palmqvist, HahnHagerdal et al. 1996).   
Owing to the incomplete pretreatment of the biomass for this population, 
lower projected ethanol yields are observed for all genotypes than current general 
UK estimates for willow of 3000 ethanol L/ha (RoyalSociety 2008). However the 
ethanol yields seen here do show very large, genotype-specific variation (e.g. 
Endurance has an ethanol yield per hectare over three times greater than Discovery). 
These differences in yield would greatly impact the economic viability of a dedicated 
bioethanol crop and strongly support an argument that the type of biomass being 
grown is of great consequence. It should also be acknowledged here that these 
ethanol yields are substantially influenced by the recorded biomass yields for these 
trees. These biomass yields would not only be expected to change with further 
biological replication of growth but would certainly vary in a genotype specific 
manner between different field sites. 
6.5.10  Conclusions 
Four important findings from this study are: 
i) Large variation in response to an incomplete pretreatment was 
identified and that the variation was determined by both feedstock 
Nick Brereton – Thesis 2010 
 
Page 160 
 
  
composition and accessibility. This indicates that a less severe 
pretreatment could be used on certain genotypes to achieve 
equivalent glucose yields and also points to the fact that this trait 
could/should be selected for in breeding programmes for biofuel 
SRC willow.  
ii) Some of the ethanol yields achieved here are nearing the current 
Royal Society estimates of 3000 ltr ha-1 yr-1 (RoyalSociety 2008) and 
were also achieved with milder (incomplete) pretreatment 
conditions than typical to date for willow (Eklund, Galbe et al. 1988; 
Eklund, Galbe et al. 1995; Palmqvist, HahnHagerdal et al. 1996; 
Sassner, Galbe et al. 2005; Sassner, Galbe et al. 2006; Sassner, 
Martensson et al. 2008), potentially reducing energy costs and 
environmental impacts of biofuel production.  
iii) Analysis of the lignin content of untreated biomass did not reveal 
useful information regarding recalcitrance to enzymatic 
saccharification after pretreatment in willow. The findings also show 
that high lignin content of untreated biomass is not necessarily 
detrimental to final glucose yields. This leads to the suggestion that , 
in some cases, selecting willow varieties with high lignin content 
may be beneficial owing to the greater potential for co-production 
of energy from residue combustion in biofuel production.  
iv) Further analysis aimed at contributing to practical improvements in 
glucose yields can be greatly simplified by  untreated biomass 
without the need for pretreatment. 
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Chapter 7 General Discussion and 
Future Work 
The main aims of exploring SRC willow: development and life cycle, nitrogen 
mobilisation, biomass composition, genotypic variation in cell wall ultra-structure as 
well as enhancing the assessment and the definition of biofuel potential were all 
addressed in this thesis. 
The N15 pot experiment (See Chapter 3) allowed an insight into nitrogen 
fluxes in developing SRC willow. While establishing that the cutting has a surprisingly 
extended role in initial establishment, allowing early canopy development, the 
experiment also shed light on later nitrogen partitioning and highlighted some 
potential conflicts between high biomass yield and post-harvest nitrogen retention. 
A crucial finding in this experiment was that NUE was very different between 
willow genotypes of dissimilar biomass yield. This was the first example of one of the 
key themes of all the work presented in this thesis; that there is a large degree of 
variation between varieties of SRC willow for a range of traits vital to a biofuel 
ideotype. This concept was further supported by enzymatic saccharification of stem 
biomass from the N15 pot experiment, which also showed that the genotypes 
assessed varied substantially one from another. A clear result of this study was the 
absence of any correlation with biomass yield. 
If found to be generally true, this is an important result as it implies that 
enzymatic saccharification traits will have to be selected for independently in 
breeding programmes. To investigate this further and to determine whether there 
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was sufficient variation to map the underlying causal genes, enzymatic 
saccharification was investigated in the K8 QTL experiment (see Chapter 4). Here, it 
was firmly established that there is a high degree of variation in cell wall derived 
glucose yields in different genotypes of SRC willow and that those yields were 
independent from biomass yields. Like NUE, a picture emerged that there is a vast 
range of variation even in a population representing a very small proportion of 
willow diversity as a whole. This shows for both NUE and glucose yield, which are 
two traits of crucial importance for the environmental and economic feasibility of 
lignocellulosic biofuel production, that there is large scope for improvement of SRC 
willow as a dedicated biofuel crop. 
The K8 QTL experiment led to the successful identifications of several regions 
of the genome associated with glucose yields from enzymatic saccharification. This 
not only confirmed that this trait is under some degree of genetic control, which 
could potentially be selected for, but also presents opportunities for identifying 
candidate genes involved in glucose yields. As no Salix species have as yet had their 
genome sequenced or been successfully transformed, other avenues outside genetic 
examination and manipulation were considered. Breeding was not possible in the 
scope of this PhD so modification of glucose yields at a developmental level was 
contemplated as a possibility. 
Tension wood had been identified within samples from the K8 population 
and not only presented an interesting approach to glucose yield modification per se 
but also an opportunity to develop compositional analysis techniques for willow, 
facilitating later investigation into the factors influencing those glucose yields. The 
tension wood experiment (see Chapter 5) did indeed succeed both in increasing and, 
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through the use of a cellulose synthesis inhibitor, decreasing glucose yields by 
inducing extreme phenotypes. This establishes increased tension wood formation in 
SRC willow as a specific target beneficial to glucose yields. As this physiological 
characteristic exists naturally in SRC willow, it could potentially be exaggerated 
through breeding, genetic modification or induction during tree development 
without impacting biomass yields. 
An important finding in the tension wood experiment was that, in this system, 
the feedstock composition did not exclusively define glucose yields. There were 
elements of cell wall recalcitrance to enzymatic saccharification that were 
independent of glucan and lignin content. Also, the separation of cell wall 
composition and accessibility, both paramount to total glucose yields per weight of 
biomass, could be assessed experimentally. The degree to which tension wood 
formation varies between varieties of SRC willow was not investigated here. 
In order to further investigate the links between feedstock composition and 
accessibility to cell wall degrading enzymes, as well as trying to assess the impact of 
these elements on the pretreatment process of lignocellulosic biofuel production, a 
non-optimal pretreatment experiment was devised (see Chapter 6). 
The incomplete pretreatment experiment utilised the broadest range of SRC 
willow diversity employed in this work by using 35 different genotypes. This final 
experiment further confirmed the high variation between types of SRC willow, this 
time in response to pretreatment. The variation in final glucose yields after 
pretreatment was clearly determined both by feedstock composition and 
accessibility. The impact of this work on both the environmental and net energy 
outputs of the lignocellulosic biofuel conversion process comes primarily from the 
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finding that equivalent glucose yields could be achieved in some SRC willow 
genotypes using a pretreatment of reduced severity. Other findings provided 
evidence that future experimentation could be substantially simplified by not 
performing pretreatment in lab scale analysis of cell wall recalcitrance. This is in view 
of the fact that enzymatic saccharification of untreated biomass strongly correlated 
with enzymatic saccharification of pretreated biomass. Also that, contrary to popular 
belief, high lignin content of biomass is not necessarily detrimental to glucose yields 
and could in some cases be beneficial to the process as a whole. 
Large variation in ethanol yields per hectare were projected from this 
experiment (see Chapter 6). When these are viewed with highly varied NUE (see 
Chapter 3), as well as the evidence for large variation in genetic regulation of cell 
wall structure (see Chapter 4) and the scope of naturally occurring metabolic 
plasticity to factors which strongly influence glucose yields (see Chapter 5), a clear 
picture emerges. The variety of SRC willow selected is of fundamental importance if 
biofuel is to be produced economically and sustainably. It is evident from this work 
that high enzymatic saccharification yield should be added to the ideotype of SRC 
willow for dedicated biofuel crops. Importantly, not only are there varieties of SRC 
willow in the UK which will produce ethanol yields far in excess of early estimates, 
but the potential for improving those yields in the future, through a wide variety of 
methods, is substantial. 
 
Each of the four major experiments raised numerous interesting possibilities 
for prospective study. The N15 system, designed to investigate nitrogen cycling 
(Chapter 3), was successful but would be greatly enhanced through increased 
Nick Brereton – Thesis 2010 
 
Page 165 
 
  
replication. By this, and by extending the analysis through leaf abcission, valuable 
information concerning nitrogen remobilisation could be gathered. Further work 
should use the data gathered here to further define appropriate fertilisation 
concentrations. This would allow applications of varied fertilizer concentrations that 
would limit nitrogen in the trees to different degrees, showing how the NUE 
variation is maintained in very low input systems. Sources of the clear differences in 
NUE could also be revealed through experiments using increased numbers of 
genotypes from the K8 population and subsequent QTL analysis. 
The QTL analysis performed on the K8 population (Chapter 4) clearly 
established the need to address both biomass structure and composition. The 
analysis would have been greatly improved by including compositional analysis, 
increasing the information about sugar yields (glucose release from glucan and DM), 
but also by increasing the number of genotypes to encompass the entire mapping 
population. However, a clear path forward for this work would be to search for more 
of SNPs within the QTLs identified in order to increase the QTL resolution. Candidate 
genes with large impact over sugar yields could then be identified in poplar using the 
JGI Populus trichocarpa database (as macrosynteny has been shown between this K8 
parents and the P. trichocarpa genome (Hanley, Mallott et al. 2006)). Gene function 
could then be investigated in model organisms such as Arabidopsis. 
Further development of tension wood (Chapter 5) understanding is currently 
limited by the ability to quantitatively assay its abundance in adult trees. However, a 
potential future investigation could utilise plantations of willow grown under 
conditions likely to induce tension wood formation. The Orkney Islands present such 
an option with both highly hilly land and severe wind conditions. Another vital area 
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for enquiry is the variation in tension wood formation between genotypes of willow. 
If the severity of this response varies between genotypes, then the trait could be 
considered for inclusion in the dedicated lignocellulosic biofuel crop ideotype and 
potentially be used to direct breeding programmes. 
To further advance the understanding of the relationship between cell wall 
recalcitrance and pretreatment (Chapter 6) optimisation of pretreatment for the 
least recalcitrant genotype could be performed. This would establish the degree to 
which pretreatment severity could be reduced for certain feedstocks and allow 
calculation of the subsequent economic and environmental benefits of that 
reduction. However, before elaboration of this work can commence, it is imperative 
that fermentation of the sugar solutions yielded is performed in order to identify any 
inhibitors produced by the process. This highly characterised population would also 
be ideal for investigation into the variation of other potential contributors to cell wall 
recalcitrance which were not addressed in this study, such as cellulose degree of 
polymerisation or crystallinity. 
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Appendix A 
Table 1 Correlation Coefficients: Morphological Trait, Pre and Post Pretreatment Composition and Enzymatic Saccharification 
p<0.05, p<0.01, p<0.001, Not Significant  (N/S), Acid Soluble Lignin (ASL), Acid Insoluble Lignin (AIL), Glucose (Glu), Xylose (Xyl),  Galactose (Gal), Arabinose (Ara), Mannose (Man) 
1_Yield_IC 1 --------- 
        
2_Stem_Number 2 0.36 --------- 
       
3_Total_volume 3 0.96 N/S --------- 
      
4_Max_volume 4 0.58 -0.35 0.64 --------- 
     
5_Min_volume 5 N/S -0.55 N/S 0.35 --------- 
    
6_Total_Diameter 6 0.72 0.87 0.70 N/S -0.38 --------- 
   
7_Max_Diameter 7 0.51 N/S 0.57 0.85 N/S N/S --------- 
  
8_Min_Diameter 8 N/S -0.71 N/S 0.37 0.91 -0.48 N/S --------- 
 
9_Av_Diameter 9 N/S -0.71 N/S 0.65 0.78 -0.34 0.50 0.85 --------- 
10_Total_Length 10 0.55 0.95 0.52 N/S -0.47 0.95 N/S -0.60 -0.52 
11_Max_Length 11 0.37 -0.54 0.40 0.85 0.44 N/S 0.74 0.47 0.74 
12_Min_Length 12 N/S -0.65 N/S 0.35 0.92 -0.46 N/S 0.95 0.80 
13_Av_Length 13 N/S -0.70 N/S 0.55 0.76 -0.38 0.36 0.82 0.95 
14_%_Extractives 14 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
15_%_Glucan 15 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
16_%_Xylan 16 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
17_%_Galactan 17 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
18_%_Arabinan 18 N/S 0.43 N/S N/S N/S 0.35 N/S N/S N/S 
19_%_Mannan 19 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
20_Hemis 20 N/S 0.39 N/S N/S N/S N/S N/S N/S -0.33 
21_%_Total_Sugars 21 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
22_%_ASL 22 N/S N/S N/S N/S N/S N/S -0.40 N/S N/S 
23_%_AIL 23 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
24_%_Total_Lignin 24 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
  
1 2 3 4 5 6 7 8 9 
  
1_Yield_IC 2_Stem_Number 3_Total_volume 4_Max_volume 5_Min_volume 6_Total_Diameter 7_Max_Diameter 8_Min_Diameter 9_Av_Diameter 
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25_%_Ash 25 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
26_%_Other 26 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
27_Theo_max_EtOH_ltr_t 27 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
28_Sol_glu_%_ODW 28 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
29_GR_%_Glucan 29 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
30_GR_%_ODW 30 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
31_Tot_Glu 31 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
32_Solid_%_Glucan 32 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
33_Liquid_%_Glu 33 N/S N/S -0.35 N/S N/S N/S N/S N/S -0.34 
34_Liquid_Glu_% Glucan 34 -0.35 N/S -0.38 N/S N/S N/S N/S N/S -0.37 
35_Solid_%_Xyl 35 0.36 N/S 0.35 N/S N/S 0.39 N/S N/S N/S 
36_Liquid_%_Xyl 36 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
37_Liquid_Xyl_% Xylan 37 -0.39 N/S -0.42 N/S N/S -0.37 N/S N/S N/S 
38_Liquid_%_Gal 38 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
39_Liquid_%_Ara 39 N/S 0.46 N/S N/S N/S 0.38 N/S N/S N/S 
40_Liquid_%_Man 40 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
41_Solid_%_Hemis 41 0.36 N/S 0.35 N/S N/S 0.39 N/S N/S N/S 
42_Liquid_%_Hemis 42 N/S 0.39 N/S N/S N/S N/S N/S -0.34 -0.38 
43_Solid_%_Tot_Sug 43 0.36 N/S 0.40 N/S N/S N/S N/S N/S N/S 
44_Liquid_%_Tot_Sug 44 N/S N/S N/S N/S N/S N/S N/S -0.35 -0.46 
45_Solid_%_ASL 45 N/S N/S 0.37 N/S N/S N/S N/S N/S N/S 
46_Liquid_%_ASL 46 N/S N/S N/S N/S N/S N/S N/S N/S -0.37 
47_Solid_%_AIL 47 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
48_Liquid_%_AIL 48 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
49_Solid_%_Tot_Lignin 49 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
50_Liquid_%_Tot_Lignin 50 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
51_Solid_%_Ash 51 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
52_Liquid_%_Ash 52 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
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53_Liquid_%_Other 53 N/S N/S N/S N/S 0.34 N/S N/S 0.38 N/S 
54_Mass_Loss 54 -0.40 N/S -0.50 N/S N/S N/S N/S N/S N/S 
55_NN_Prt_Glu_% Solid 55 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
56_NN_Mass_Balance 56 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
57_N_Prt_Glu_% Solid 57 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
58_N_Prt_Xyl_% Solid 58 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
59_N_Prt_Tot_Sug_% Solid 59 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
60_N_Prt_ASL_% Solid 60 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
61_N_Prt_AIL_% Solid 61 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
62_N_Prt_Tot_Lig_% Solid 62 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
63_PrtGR_% Glucan Solid 63 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
64_PrtGR_% Solid 64 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
65_GR_glu_sd_%_raw_ODW 65 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
66_GR_glu_sd_%_raw_glucan 66 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
67_Total_usable_glu_%_raw_ODW 67 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
68_Total_usable_glu_%_raw_glucan 68 -0.35 N/S -0.39 N/S N/S -0.34 N/S N/S N/S 
69_Resid_sd_glu_%_raw_ODW 69 N/S N/S 0.37 N/S N/S N/S N/S N/S N/S 
70_Resid_sd_glu_% Solid 70 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
  
1 2 3 4 5 6 7 8 9 
  
1_Yield_IC 2_Stem_Number 3_Total_volume 4_Max_volume 5_Min_volume 6_Total_Diameter 7_Max_Diameter 8_Min_Diameter 9_Av_Diameter 
10_Total_Length 10 --------- 
        
11_Max_Length 11 -0.36 --------- 
       
12_Min_Length 12 -0.55 0.46 --------- 
      
13_Av_Length 13 -0.49 0.75 0.81 --------- 
     
14_%_Extractives 14 N/S N/S N/S N/S --------- 
    
15_%_Glucan 15 N/S N/S N/S N/S -0.44 --------- 
   
16_%_Xylan 16 N/S N/S N/S N/S -0.54 N/S --------- 
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17_%_Galactan 17 N/S N/S N/S N/S N/S N/S N/S --------- 
 
18_%_Arabinan 18 0.43 N/S N/S N/S N/S N/S N/S N/S --------- 
19_%_Mannan 19 N/S N/S -0.34 N/S N/S N/S 0.36 N/S 0.54 
20_Hemis 20 N/S N/S -0.40 N/S N/S N/S 0.53 N/S 0.67 
21_%_Total_Sugars 21 N/S N/S -0.34 N/S -0.53 0.71 0.57 N/S N/S 
22_%_ASL 22 N/S N/S N/S N/S -0.55 N/S 0.36 N/S N/S 
23_%_AIL 23 N/S N/S N/S N/S -0.45 N/S N/S N/S N/S 
24_%_Total_Lignin 24 N/S N/S N/S N/S -0.54 N/S N/S N/S N/S 
25_%_Ash 25 N/S N/S N/S N/S N/S N/S -0.45 N/S N/S 
26_%_Other 26 N/S N/S 0.39 N/S N/S -0.46 N/S N/S -0.39 
27_Theo_max_EtOH_ltr_t 27 N/S N/S N/S N/S -0.44 1.00 N/S N/S N/S 
28_Sol_glu_%_ODW 28 N/S N/S N/S -0.38 0.62 N/S N/S N/S N/S 
29_GR_%_Glucan 29 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
30_GR_%_ODW 30 N/S N/S N/S N/S N/S 0.39 N/S N/S N/S 
31_Tot_Glu 31 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
32_Solid_%_Glucan 32 N/S N/S N/S N/S N/S 0.50 N/S N/S N/S 
33_Liquid_%_Glu 33 N/S N/S N/S N/S -0.34 0.75 0.41 N/S N/S 
34_Liquid_Glu_% Glucan 34 N/S N/S N/S -0.36 N/S 0.66 0.42 N/S N/S 
35_Solid_%_Xyl 35 0.35 N/S N/S N/S N/S N/S N/S N/S N/S 
36_Liquid_%_Xyl 36 N/S N/S N/S N/S -0.48 N/S 0.95 N/S N/S 
37_Liquid_Xyl_% Xylan 37 N/S N/S N/S N/S N/S N/S N/S N/S -0.34 
38_Liquid_%_Gal 38 N/S N/S N/S N/S N/S N/S N/S 1.00 N/S 
39_Liquid_%_Ara 39 0.45 N/S N/S N/S N/S N/S N/S N/S 0.98 
40_Liquid_%_Man 40 N/S N/S -0.35 N/S N/S N/S 0.34 N/S 0.54 
41_Solid_%_Hemis 41 0.35 N/S N/S N/S N/S N/S N/S N/S N/S 
42_Liquid_%_Hemis 42 N/S N/S -0.41 -0.34 N/S N/S 0.50 N/S 0.65 
43_Solid_%_Tot_Sug 43 N/S N/S N/S N/S N/S 0.47 N/S N/S N/S 
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44_Liquid_%_Tot_Sug 44 N/S N/S -0.44 -0.43 -0.38 0.46 0.59 N/S 0.35 
45_Solid_%_ASL 45 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
46_Liquid_%_ASL 46 N/S N/S N/S N/S -0.53 N/S 0.37 N/S N/S 
47_Solid_%_AIL 47 N/S N/S N/S N/S N/S -0.38 N/S N/S N/S 
48_Liquid_%_AIL 48 N/S N/S N/S N/S -0.58 N/S N/S N/S N/S 
49_Solid_%_Tot_Lignin 49 N/S N/S N/S N/S N/S -0.37 N/S N/S N/S 
50_Liquid_%_Tot_Lignin 50 N/S N/S N/S N/S -0.60 N/S N/S N/S -0.34 
51_Solid_%_Ash 51 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
52_Liquid_%_Ash 52 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
53_Liquid_%_Other 53 N/S N/S 0.44 N/S 0.75 -0.58 -0.56 N/S N/S 
54_Mass_Loss 54 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
55_NN_Prt_Glu_% Solid 55 N/S N/S N/S N/S N/S 0.46 N/S N/S N/S 
56_NN_Mass_Balance 56 N/S 0.42 N/S 0.35 N/S N/S N/S N/S N/S 
57_N_Prt_Glu_% Solid 57 N/S N/S N/S N/S N/S 0.54 N/S N/S N/S 
58_N_Prt_Xyl_% Solid 58 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
59_N_Prt_Tot_Sug_% Solid 59 N/S N/S N/S N/S N/S 0.50 N/S N/S N/S 
60_N_Prt_ASL_% Solid 60 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
61_N_Prt_AIL_% Solid 61 N/S N/S N/S N/S N/S -0.47 N/S N/S N/S 
62_N_Prt_Tot_Lig_% Solid 62 N/S N/S N/S N/S N/S -0.48 N/S N/S N/S 
63_PrtGR_% Glucan Solid 63 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
64_PrtGR_% Solid 64 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
65_GR_glu_sd_%_raw_ODW 65 N/S N/S N/S N/S N/S 0.35 N/S N/S N/S 
66_GR_glu_sd_%_raw_glucan 66 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
67_Total_usable_glu_%_raw_ODW 67 N/S N/S N/S N/S N/S 0.74 0.36 N/S N/S 
68_Total_usable_glu_%_raw_glucan 68 N/S N/S N/S N/S N/S 0.43 N/S N/S N/S 
69_Resid_sd_glu_%_raw_ODW 69 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
70_Resid_sd_glu_% Solid 70 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
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19_%_Mannan 19 --------- 
        
20_Hemis 20 0.89 --------- 
       
21_%_Total_Sugars 21 0.57 0.68 --------- 
      
22_%_ASL 22 N/S N/S N/S --------- 
     
23_%_AIL 23 N/S N/S N/S N/S --------- 
    
24_%_Total_Lignin 24 N/S N/S N/S 0.35 0.98 --------- 
   
25_%_Ash 25 N/S -0.39 -0.48 N/S N/S N/S --------- 
  
26_%_Other 26 -0.66 -0.68 -0.81 N/S N/S N/S N/S --------- 
 
27_Theo_max_EtOH_ltr_t 27 N/S N/S 0.71 N/S N/S N/S N/S -0.46 --------- 
28_Sol_glu_%_ODW 28 N/S N/S N/S N/S -0.65 -0.65 N/S N/S N/S 
29_GR_%_Glucan 29 N/S N/S N/S N/S -0.42 -0.40 N/S N/S N/S 
30_GR_%_ODW 30 N/S N/S N/S N/S -0.43 -0.40 N/S N/S 0.39 
31_Tot_Glu 31 N/S N/S N/S N/S -0.63 -0.61 N/S N/S N/S 
32_Solid_%_Glucan 32 N/S N/S N/S N/S N/S N/S N/S N/S 0.50 
33_Liquid_%_Glu 33 N/S N/S 0.68 N/S N/S N/S N/S -0.60 0.75 
34_Liquid_Glu_% Glucan 34 N/S N/S 0.64 N/S N/S N/S N/S -0.60 0.66 
35_Solid_%_Xyl 35 0.37 0.39 N/S N/S N/S N/S N/S N/S N/S 
36_Liquid_%_Xyl 36 N/S 0.42 0.52 N/S N/S N/S -0.43 N/S N/S 
37_Liquid_Xyl_% Xylan 37 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
38_Liquid_%_Gal 38 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
39_Liquid_%_Ara 39 0.55 0.66 N/S N/S N/S N/S N/S -0.39 N/S 
40_Liquid_%_Man 40 0.99 0.87 0.54 N/S N/S N/S N/S -0.64 N/S 
41_Solid_%_Hemis 41 0.37 0.39 N/S N/S N/S N/S N/S N/S N/S 
42_Liquid_%_Hemis 42 0.88 0.98 0.67 N/S N/S N/S -0.38 -0.69 N/S 
43_Solid_%_Tot_Sug 43 N/S N/S N/S N/S N/S N/S N/S N/S 0.47 
44_Liquid_%_Tot_Sug 44 0.64 0.76 0.87 N/S N/S N/S -0.40 -0.83 0.46 
45_Solid_%_ASL 45 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
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45_Solid_%_ASL 45 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
46_Liquid_%_ASL 46 N/S N/S N/S 0.95 N/S N/S N/S N/S N/S 
47_Solid_%_AIL 47 N/S N/S N/S N/S 0.69 0.61 N/S N/S -0.38 
48_Liquid_%_AIL 48 N/S N/S N/S 0.40 N/S N/S N/S N/S N/S 
49_Solid_%_Tot_Lignin 49 N/S N/S N/S N/S 0.67 0.60 N/S N/S -0.37 
50_Liquid_%_Tot_Lignin 50 N/S N/S N/S 0.57 N/S 0.35 N/S N/S N/S 
51_Solid_%_Ash 51 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
52_Liquid_%_Ash 52 N/S N/S N/S N/S N/S N/S 0.75 N/S N/S 
53_Liquid_%_Other 53 -0.60 -0.64 -0.87 N/S N/S N/S N/S 0.76 -0.58 
54_Mass_Loss 54 N/S N/S N/S N/S -0.48 -0.41 N/S N/S N/S 
55_NN_Prt_Glu_% Solid 55 N/S N/S N/S N/S -0.46 -0.41 N/S N/S 0.46 
56_NN_Mass_Balance 56 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
57_N_Prt_Glu_% Solid 57 N/S N/S N/S N/S -0.56 -0.52 N/S N/S 0.54 
58_N_Prt_Xyl_% Solid 58 0.38 0.41 N/S N/S N/S N/S N/S N/S N/S 
59_N_Prt_Tot_Sug_% Solid 59 N/S N/S N/S N/S -0.57 -0.51 N/S N/S 0.50 
60_N_Prt_ASL_% Solid 60 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
61_N_Prt_AIL_% Solid 61 N/S N/S N/S N/S 0.58 0.52 N/S N/S -0.47 
62_N_Prt_Tot_Lig_% Solid 62 N/S N/S N/S N/S 0.56 0.51 N/S N/S -0.48 
63_PrtGR_% Glucan Solid 63 N/S N/S N/S N/S -0.34 N/S N/S N/S N/S 
64_PrtGR_% Solid 64 N/S N/S N/S N/S -0.45 -0.40 N/S N/S N/S 
65_GR_glu_sd_%_raw_ODW 65 N/S N/S N/S N/S -0.38 -0.34 N/S N/S 0.35 
66_GR_glu_sd_%_raw_glucan 66 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
67_Total_usable_glu_%_raw_ODW 67 N/S N/S 0.62 N/S N/S N/S N/S -0.41 0.74 
68_Total_usable_glu_%_raw_glucan 68 N/S N/S 0.43 N/S N/S N/S N/S N/S 0.43 
69_Resid_sd_glu_%_raw_ODW 69 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
70_Resid_sd_glu_% Solid 70 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
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28_Sol_glu_%_ODW 28 --------- 
        
29_GR_%_Glucan 29 N/S --------- 
       
30_GR_%_ODW 30 N/S 0.99 --------- 
      
31_Tot_Glu 31 0.47 0.93 0.92 --------- 
     
32_Solid_%_Glucan 32 N/S N/S N/S N/S --------- 
    
33_Liquid_%_Glu 33 N/S N/S N/S N/S N/S --------- 
   
34_Liquid_Glu_% Glucan 34 N/S N/S N/S N/S N/S 0.99 --------- 
  
35_Solid_%_Xyl 35 N/S N/S N/S N/S N/S N/S N/S --------- 
 
36_Liquid_%_Xyl 36 N/S N/S N/S N/S N/S 0.46 0.47 N/S --------- 
37_Liquid_Xyl_% Xylan 37 N/S N/S N/S N/S N/S N/S N/S -0.86 0.57 
38_Liquid_%_Gal 38 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
39_Liquid_%_Ara 39 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
40_Liquid_%_Man 40 N/S N/S N/S N/S N/S N/S N/S 0.40 N/S 
41_Solid_%_Hemis 41 N/S N/S N/S N/S N/S N/S N/S 1.00 N/S 
42_Liquid_%_Hemis 42 N/S N/S N/S N/S N/S N/S N/S N/S 0.43 
43_Solid_%_Tot_Sug 43 N/S N/S N/S N/S 0.97 N/S -0.34 N/S N/S 
44_Liquid_%_Tot_Sug 44 N/S N/S N/S N/S N/S 0.76 0.78 N/S 0.57 
45_Solid_%_ASL 45 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
46_Liquid_%_ASL 46 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
47_Solid_%_AIL 47 -0.37 -0.51 -0.55 -0.63 -0.41 N/S N/S N/S N/S 
48_Liquid_%_AIL 48 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
49_Solid_%_Tot_Lignin 49 -0.36 -0.50 -0.54 -0.62 -0.39 N/S N/S N/S N/S 
50_Liquid_%_Tot_Lignin 50 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
51_Solid_%_Ash 51 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
52_Liquid_%_Ash 52 -0.34 N/S N/S N/S N/S N/S N/S N/S N/S 
53_Liquid_%_Other 53 0.34 N/S N/S N/S N/S -0.61 -0.58 N/S -0.50 
54_Mass_Loss 54 0.59 N/S N/S 0.48 -0.52 N/S 0.38 N/S N/S 
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55_NN_Prt_Glu_% Solid 55 N/S 0.44 0.50 0.49 0.69 N/S N/S N/S N/S 
56_NN_Mass_Balance 56 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
57_N_Prt_Glu_% Solid 57 N/S 0.44 0.50 0.50 0.78 N/S N/S N/S N/S 
58_N_Prt_Xyl_% Solid 58 N/S N/S N/S N/S N/S N/S N/S 0.97 N/S 
59_N_Prt_Tot_Sug_% Solid 59 N/S 0.43 0.49 0.49 0.74 N/S N/S N/S N/S 
60_N_Prt_ASL_% Solid 60 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
61_N_Prt_AIL_% Solid 61 N/S -0.45 -0.51 -0.52 -0.72 N/S N/S N/S N/S 
62_N_Prt_Tot_Lig_% Solid 62 N/S -0.44 -0.49 -0.50 -0.72 N/S N/S N/S N/S 
63_PrtGR_% Glucan Solid 63 N/S 0.61 0.58 0.60 N/S N/S N/S N/S N/S 
64_PrtGR_% Solid 64 N/S 0.64 0.63 0.63 N/S N/S N/S N/S N/S 
65_GR_glu_sd_%_raw_ODW 65 N/S 0.61 0.61 0.59 0.37 N/S N/S N/S N/S 
66_GR_glu_sd_%_raw_glucan 66 N/S 0.52 0.47 0.48 N/S N/S N/S N/S N/S 
67_Total_usable_glu_%_raw_ODW 67 N/S 0.53 0.57 0.58 N/S 0.77 0.72 N/S 0.43 
68_Total_usable_glu_%_raw_glucan 68 N/S 0.57 0.57 0.61 N/S 0.61 0.61 N/S 0.37 
69_Resid_sd_glu_%_raw_ODW 69 N/S -0.45 -0.40 -0.47 0.44 N/S N/S N/S N/S 
70_Resid_sd_glu_% Solid 70 N/S -0.45 -0.39 -0.41 0.35 N/S N/S N/S N/S 
  
28 29 30 31 32 33 34 35 36 
  
28_Sol_glu_%_ODW 29_GR_%_Glucan 30_GR_%_ODW 31_Tot_Glu 32_Solid_%_Glucan 33_Liquid_%_Glu 
34_Liquid_Glu_% 
Glucan 35_Solid_%_Xyl 36_Liquid_%_Xyl 
37_Liquid_Xyl_% Xylan 37 --------- 
        
38_Liquid_%_Gal 38 N/S --------- 
       
39_Liquid_%_Ara 39 -0.35 N/S --------- 
      
40_Liquid_%_Man 40 N/S N/S 0.57 --------- 
     
41_Solid_%_Hemis 41 -0.86 N/S N/S 0.40 --------- 
    
42_Liquid_%_Hemis 42 N/S N/S 0.67 0.89 N/S --------- 
   
43_Solid_%_Tot_Sug 43 N/S N/S N/S N/S N/S N/S --------- 
  
44_Liquid_%_Tot_Sug 44 N/S N/S 0.36 0.63 N/S 0.79 N/S --------- 
 
45_Solid_%_ASL 45 N/S N/S N/S N/S N/S N/S N/S N/S --------- 
  
37 38 39 40 41 42 43 44 45 
  
37_Liquid_Xyl_% 
Xylan 38_Liquid_%_Gal 39_Liquid_%_Ara 40_Liquid_%_Man 41_Solid_%_Hemis 42_Liquid_%_Hemis 43_Solid_%_Tot_Sug 
44_Liquid_% 
_Tot_Sug 45_Solid_%_ASL 
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46_Liquid_%_ASL 46 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
47_Solid_%_AIL 47 N/S N/S N/S N/S N/S N/S -0.41 N/S N/S 
48_Liquid_%_AIL 48 N/S N/S N/S N/S N/S N/S 0.34 N/S N/S 
49_Solid_%_Tot_Lignin 49 N/S N/S N/S N/S N/S N/S -0.39 N/S N/S 
50_Liquid_%_Tot_Lignin 50 N/S N/S -0.34 N/S N/S N/S N/S N/S N/S 
51_Solid_%_Ash 51 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
52_Liquid_%_Ash 52 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
53_Liquid_%_Other 53 N/S N/S N/S -0.60 N/S -0.65 N/S -0.81 N/S 
54_Mass_Loss 54 N/S N/S N/S N/S N/S N/S -0.54 N/S -0.51 
55_NN_Prt_Glu_% Solid 55 N/S N/S N/S N/S N/S N/S 0.67 N/S N/S 
56_NN_Mass_Balance 56 N/S N/S N/S N/S N/S N/S N/S N/S -0.34 
57_N_Prt_Glu_% Solid 57 N/S N/S N/S N/S N/S N/S 0.74 N/S N/S 
58_N_Prt_Xyl_% Solid 58 -0.83 N/S N/S 0.38 0.97 N/S N/S N/S N/S 
59_N_Prt_Tot_Sug_% Solid 59 N/S N/S N/S N/S N/S N/S 0.76 N/S N/S 
60_N_Prt_ASL_% Solid 60 N/S N/S N/S N/S N/S N/S N/S N/S 0.88 
61_N_Prt_AIL_% Solid 61 N/S N/S N/S N/S N/S N/S -0.74 N/S N/S 
62_N_Prt_Tot_Lig_% Solid 62 N/S N/S N/S N/S N/S N/S -0.73 N/S N/S 
63_PrtGR_% Glucan Solid 63 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
64_PrtGR_% Solid 64 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
65_GR_glu_sd_%_raw_ODW 65 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
66_GR_glu_sd_%_raw_glucan 66 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
67_Total_usable_glu_%_raw_ODW 67 0.35 N/S N/S N/S N/S N/S N/S 0.56 N/S 
68_Total_usable_glu_%_raw_glucan 68 N/S N/S N/S N/S N/S N/S N/S 0.50 N/S 
69_Resid_sd_glu_%_raw_ODW 69 N/S N/S N/S N/S N/S N/S 0.46 N/S N/S 
70_Resid_sd_glu_% Solid 70 N/S N/S N/S N/S N/S N/S 0.37 N/S N/S 
  
37 38 39 40 41 42 43 44 45 
  
37_Liquid_Xyl_% 
Xylan 38_Liquid_%_Gal 39_Liquid_%_Ara 40_Liquid_%_Man 41_Solid_%_Hemis 42_Liquid_%_Hemis 43_Solid_%_Tot_Sug 
44_Liquid_%_ 
Tot_Sug 45_Solid_%_ASL 
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46_Liquid_%_ASL 46 --------- 
        
47_Solid_%_AIL 47 N/S --------- 
       
48_Liquid_%_AIL 48 0.42 -0.54 --------- 
      
49_Solid_%_Tot_Lignin 49 N/S 0.99 -0.54 --------- 
     
50_Liquid_%_Tot_Lignin 50 0.60 -0.51 0.97 -0.54 --------- 
    
51_Solid_%_Ash 51 N/S N/S 0.34 -0.34 N/S --------- 
   
52_Liquid_%_Ash 52 N/S 0.43 N/S 0.42 N/S -0.63 --------- 
  
53_Liquid_%_Other 53 N/S N/S N/S N/S N/S N/S N/S --------- 
 
54_Mass_Loss 54 N/S -0.54 N/S -0.56 N/S N/S N/S N/S --------- 
55_NN_Prt_Glu_% Solid 55 N/S -0.86 0.62 -0.88 0.60 N/S N/S N/S N/S 
56_NN_Mass_Balance 56 N/S -0.53 0.60 -0.57 0.63 0.44 N/S N/S N/S 
57_N_Prt_Glu_% Solid 57 N/S -0.86 0.50 -0.86 0.46 N/S N/S N/S N/S 
58_N_Prt_Xyl_% Solid 58 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
59_N_Prt_Tot_Sug_% Solid 59 N/S -0.89 0.54 -0.89 0.50 N/S N/S N/S N/S 
60_N_Prt_ASL_% Solid 60 N/S N/S N/S N/S N/S N/S N/S N/S N/S 
61_N_Prt_AIL_% Solid 61 N/S 0.91 -0.55 0.90 -0.50 N/S 0.38 N/S N/S 
62_N_Prt_Tot_Lig_% Solid 62 N/S 0.91 -0.56 0.91 -0.53 N/S 0.37 N/S N/S 
63_PrtGR_% Glucan Solid 63 N/S -0.53 N/S -0.53 N/S N/S N/S N/S 0.52 
64_PrtGR_% Solid 64 N/S -0.68 0.38 -0.68 0.37 N/S N/S N/S 0.46 
65_GR_glu_sd_%_raw_ODW 65 N/S -0.65 0.42 -0.64 0.39 N/S N/S N/S N/S 
66_GR_glu_sd_%_raw_glucan 66 N/S -0.50 N/S -0.50 N/S N/S N/S N/S 0.36 
67_Total_usable_glu_%_raw_ODW 67 N/S -0.50 N/S -0.50 N/S N/S N/S -0.45 0.42 
68_Total_usable_glu_%_raw_glucan 68 N/S -0.46 N/S -0.47 N/S N/S N/S N/S 0.61 
69_Resid_sd_glu_%_raw_ODW 69 N/S N/S N/S N/S N/S N/S N/S N/S -0.71 
70_Resid_sd_glu_% Solid 70 N/S N/S N/S N/S N/S N/S N/S N/S -0.52 
  
46 47 48 49 50 51 52 53 54 
  
46_Liquid_%_ASL 47_Solid_%_AIL 48_Liquid_%_AIL 
49_Solid_% 
_Tot_Lignin 
50_Liquid_% 
_Tot_Lignin 51_Solid_%_Ash 52_Liquid_%_Ash 53_Liquid_%_Other 54_Mass_Loss 
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55_NN_Prt_Glu_% Solid 55 --------- 
        
56_NN_Mass_Balance 56 0.72 --------- 
       
57_N_Prt_Glu_% Solid 57 0.94 0.43 --------- 
      
58_N_Prt_Xyl_% Solid 58 N/S N/S N/S --------- 
     
59_N_Prt_Tot_Sug_% Solid 59 0.94 0.50 0.97 N/S --------- 
    
60_N_Prt_ASL_% Solid 60 N/S N/S N/S N/S N/S --------- 
   
61_N_Prt_AIL_% Solid 61 -0.92 -0.50 -0.95 N/S -0.99 N/S --------- 
  
62_N_Prt_Tot_Lig_% Solid 62 -0.95 -0.54 -0.96 N/S -0.99 N/S 0.99 --------- 
 
63_PrtGR_% Glucan Solid 63 0.40 N/S 0.38 N/S 0.37 N/S -0.37 -0.37 --------- 
64_PrtGR_% Solid 64 0.60 0.34 0.60 N/S 0.59 N/S -0.58 -0.57 0.95 
65_GR_glu_sd_%_raw_ODW 65 0.64 0.34 0.65 N/S 0.62 N/S -0.62 -0.62 0.93 
66_GR_glu_sd_%_raw_glucan 66 0.44 N/S 0.42 N/S 0.41 N/S -0.42 -0.42 0.89 
67_Total_usable_glu_%_raw_ODW 67 0.41 N/S 0.43 N/S 0.40 N/S -0.39 -0.39 0.74 
68_Total_usable_glu_%_raw_glucan 68 N/S N/S N/S N/S N/S N/S N/S N/S 0.89 
69_Resid_sd_glu_%_raw_ODW 69 N/S N/S N/S N/S N/S N/S N/S N/S -0.90 
70_Resid_sd_glu_% Solid 70 N/S N/S N/S N/S N/S N/S N/S N/S -0.91 
  
55 56 57 58 59 60 61 62 63 
  
55_NN_Prt_Glu_% 
Solid 
56_NN_Mass 
_Balance 
57_N_Prt_Glu_% 
Solid 
58_N_Prt_Xyl_% 
Solid 
59_N_Prt_Tot_Sug_
% Solid 
60_N_Prt_ASL_% 
Solid 
61_N_Prt_AIL_% 
Solid 
62_N_Prt_Tot_Lig_% 
Solid 
63_PrtGR_% Glucan 
Solid 
64_PrtGR_% Solid 64 --------- 
        
65_GR_glu_sd_%_raw_ODW 65 0.97 --------- 
       
66_GR_glu_sd_%_raw_glucan 66 0.90 0.88 --------- 
      
67_Total_usable_glu_%_raw_ODW 67 0.71 0.72 0.39 --------- 
     
68_Total_usable_glu_%_raw_glucan 68 0.81 0.77 0.60 0.92 --------- 
    
69_Resid_sd_glu_%_raw_ODW 69 -0.76 -0.67 -0.74 -0.62 -0.87 --------- 
   
70_Resid_sd_glu_% Solid 70 -0.76 -0.71 -0.78 -0.60 -0.84 0.97 --------- 
  
  
64 65 66 67 68 69 70 
  
  
64_PrtGR_% Solid 
65_GR_glu_sd_% 
_raw_ODW 
66_GR_glu_sd_% 
_raw_glucan 
67_Total_usable_glu_% 
_raw_ODW 
68_Total_usable_glu_% 
_raw_glucan 
69_Resid_sd_glu_% 
_raw_ODW 70_Resid_sd_glu_% Solid 
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